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VI. Abstract
The DNA molecule is constantly under attack from endogenous and exogenous sources leading 
to degradation by a variety o f forms o f damage. In this study current methods o f in vitro DNA 
repair methods were evaluated for efficiency and for their relative ability to repair three different 
experim entally induced forms o f  damage strand breaks, abasic sites, modified bases and cross­
links. GCMS was used to identify and evaluate effectiveness o f repair methods for 16 different 
damaged products or modified bases. The methods were then used on ancient samples from 
three sites 1) Daklah Oasis, Egypt; 2) Copan, Honduras; and 3) Çayônü Tepesi, Turkey. Success 
was achieved repairing these aneient samples depending on which method was used and w hat 
type o f damage was present. These results were consistent with the DNA damaged expected in 
each o f these sets o f  samples predicted hypothetically from the environment in which these 
samples were recovered. A  new helicase dependant DNA polymerase. Phi 29 had an unexpected 
D NA  repair capability notably on hydrolytic damage while the P r e C R ™  enzyme repair m ix was 
very effective at repairing the affects o f  oxidative damage. The DNA repair capabilities o f  8  
DNA repair systems were characterised and the demonstrated successful retrieval o f DNA from 
6  ancient DNA samples previously shown to be non-viable for genetie analysis were successfully 
analyzed and amplified.
1.0 Introduction
The process o f  DNA repair is a very complex process that varies widely between 
organisms and has many interrelated pathways and components. Intact genomes are integral to 
the preservation o f life. Genetic material undergoes rapid degradation after the organism dies. 
This damage accumulates over time and depends heavily on the manner o f  death, environmental 
eonditions and age o f specimen. W hile it is possible that some in vivo genetic maintenance and 
repair processes, can be used to repair some o f the damage in vitro. This can help to increase the 
quantity and quality o f template DNA retrieved from biological material even from samples o f 
considerable age and increases the range o f  damaged and degraded biological sample available 
for genetic analysis.
1.1 DNA structure
Deoxyribonucleic acid (DNA) is the primary mechanism for the storage o f  genetic 
information. This molecule is the blueprint for life. It controls development, m etabolism and 
drives evolution. I t’s structure was elucidated by work done by Franklin, Wilkins, W atson and 
Crick in the 1950s which is considered one o f  the great breakthroughs in molecular biology 
(W atson and Crick 1953a). DNA is a polym er consisting o f  many individual monomers called 
nucleotides. The nucleotides are com posed o f three separate parts a heterocyclic nitrogenous 
base which is attached to a sugar and a phosphate group. The nitrogenous bases are divided into 
two groups a single ring structure ealled a pyrimidine and a double ring structure called a purine. 
The purines include the bases adenine (A) and guanine (G) while the pyrimidines include the 
bases cytosine (C) and thymine (T) (W atson and Crick 1953a) These nucleotides are arranged in 
an double helix, winding around an axis in a right-handed spiral like the railing o f  a spiral 
staircase with the nitrogenous base towards the inside o f the helix (Figure 1). The DNA
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backbone is an alternating sugar-phosphate sequence. The helical structure is arranged with two 
anti-parallel chains running in the 5’ to 3 ’ directions which was found to be the m ost stable 
configuration (W atson and Crick 1953b). The deoxyribose sugars are joined at both the 3'- 
hydroxyl and 5'-hydroxyl groups to phosphate groups in ester links, also known as 
"phosphodiester" bonds (Alberts 1998). The bases preferentially pair together in this structure 
with G binding to C creating three hydrogen bonds within the helix centre and T binding to A 
which creates two hydrogen bonds. Although weak in themselves the force o f the hydrogen 
bonds in an entire strand o f DNA which can be many thousands o f base pairs long allows the 
D NA to bind tightly together and also allow areas to be unzipped to allow for transcription o f 
various genes by only having to overcome localized hydrogen bonding while leaving the rest o f 
the strand intact. The twisting o f the double helix create gaps o f different sizes one called the 
m inor groove and the other called the major groove in which many o f  the regulatory proteins 
attach due to the more exposed nitrogenous bases.
T h y m in e  (T)
. 'Adenine (A)
C yto& ine„(C ) "" ^





http://library.thinkquest.org/C O  [23260/basic% 20know ledge/icnages/basic% 20know ledge/D N A /D N A % 20m odel% 2Q 2..)pg
Figure 1. M odel o f DNA structure.
DNA double stranded molecule with bases arranged in the antisense arrangement o f  3 ’ to 5’. 
Bases are on the inside o f the structure bonding the adjacent strand together through hydrogen 
bonding between complimentary bases while the sugar phosphate backbone located on the 
outside o f the strand uses phosphodiester bonds to attach the bases in sequence inside the strand.
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The DNA within the cell provides the template for DNA transcription and DNA 
replication. DNA transcription is where ribonucleic acids (RNA) are synthesized from the DNA 
template while DNA replication is where the whole genome is copied to allow for cell division 
and the formation o f  gametes. The DNA replication process can be copied in vitro by the 
polymerase chain reaction (PCR) which allows the amplification o f  specific DNA sequences. 
This technique developed in the 1980’s is also considered a ground breaking moment in 
molecular biology (M ullis and Faloona 1987). It can create billions o f  copies o f  DNA 
theoretically from a single copy within a few hours depending on how many cycles are used with 
a doubling o f the DNA in every cycle. The process uses single nucleotides (dNTPs) and 
therm ostable DNA polymerases to copy template DNA and for sequencing uses 
dideoxynucleotides (ddNTPs) which terminates replication in combination with regular 
nucleotides (Sanger et al. 1977). One major problem with using PCR to amplify highly degraded 
or damaged DNA is that upon the denaturing step strand breaks that have aceumulated cause 
fragmentation o f  the molecule which greatly hinders amplification and analysis. Damaged, 
m odified or missing bases are also a major obstacle for the PCR reaction. W hen the DNA 
polymerase encounters a modified or missing base they can generate the m isincorporation o f  an 
erroneous nucleotide or are unable to copy the DNA template causing them to fall o ff stopping 
transcription at that point. Changes to base pairing by misincorporations due to the presence o f 
modified bases can also affect the quality o f information retrieved and establish mutations in 
subsequent amplification products (Sikorsky et al. 2007).
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1.2 Ancient and degraded DNA
DNA is a relatively unstable biological molecule that needs constant maintenance, from 
repair enzymes, and the stable environment that is found in the living cell to maintain its 
integrity and fidelity. Under normal conditions it is extremely rare to find preserved DNA post­
mortem. These post-mortem DNA molecules are usually affected by fragmentation, cross-linking 
and modification. Sometimes if  the DNA molecules are maintained in a relatively constant 
temperature, usually low temperature, and protected from other factors such as pH, water 
exposure, heat and pressure it is possible for these molecules to survive. The ability to extract 
and amplify these degraded or ancient DNA (aDNA) molecules allows researchers to reconstruct 
the past. All the information available to m odem  forensic science, population genetics, and 
evolutionary studies can theoretically be applied to extinct or past populations. The upper limit 
for DNA preservation has yet to be determined and continues to be extended as techniques are 
improved and new  methods are discovered. Fully fossilized material no longer contains organic 
molecules meaning the organic backbone has been mineralized over the years and is not 
available for amplification or analysis with any current methodology. There were early 
spectacular claims o f  DNA surviving for millions o f  years (Myr) in plants (Golenberg et al.
1990) and from fossilized dinosaur bones (W oodward et al. 1994) along w ith the famous amber 
studies which was thought to have preserved ancient insects and possibly dinosaur blood 
(DeSalle et al. 1992). These claims were eventually shown to be the result o f  microbial or human 
DNA contamination from m odem  sources which is ubiquitous in the environm ent and is a 
constant problem with authenticating aDNA findings (Zischler et al. 1995). Due to the highly 
fragmented and highly degraded nature o f  aDNA a variety o f methods were employed like high
13
cycle number PCR, the higher number o f  cycles in the PCR are needed for amplification by 
PCR, however this method can often lead to false positives (Yang et al. 2003).
The DNA will be rapidly degraded post-mortem, initially from the enzymes released as 
the cell dies losing its structural integrity and then later from environmental conditions. Kinetic 
calculations o f hydrolytic damage rates predict that small fragments in temperate regions may 
survive a maximum o f only about ten thousand years (Poinar et al. 1996). If  protected in cold dry 
climates such as the polar ice caps with constant temperatures as low as -50 degrees Celsius, 
DNA may last considerably longer with reports o f DNA being recovered from microbes and 
viruses trapped in ice core samples over 100 thousand years old (W illerslev et al. 1999).
However with the DNA analysis o f  all o f these extremely old samples there is still some 
controversy about their authenticity. The most successful geographical area in which aDNA has 
been successfully recovered and authenticated has been in the perm afrost areas o f  the northern 
hemisphere which have yielded 65 thousand year old bison mitochondrial DNA (mtDNA) 
(Gilbert et al. 2004) and possibly 300 to 400 thousand year old plant chloroplast DNA (cpDNA) 
(W illerslev et al. 2003). Other geographical areas have yielded aDNA with varying degrees o f 
success. DNA survival long term depends on the amount and type o f  damage that accumulates 
which depends a great deal on the conditions the biological material is found. Generally speaking 
aDNA fragments are considered to be in the 100 to 500 base pair (bp) range and is one o f the 
factors considered to authenticate the results (Hoss et al. 1996). Different tissue types also have 
varying rates o f decay and preservation characteristics depending on their physical structure, 
biochemistry, taphonomy and any pretreatments which can preserve the tissue but may also 
create inhibition which is the second biggest problem in aDNA studies (Burger et al. 1999).
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1.3 DNA damage
DNA damage is an extremely common event in the life cycle o f DNA but many 
mechanisms exist to keep it intact within a living cell. I f  the DNA is contained in a metabolically 
aetive tissue then enzymatic damage occurs rapidly after the cell dies and loses its membrane 
integrity allowing the digestive enzymes to release from their segregated organelles. For 
preservation o f the nucleic acids there has to be a rapid halt to this process such as rapid 
desiccation, freezing or treatment with an inhibitory substance (Pusch et al. 2003). Even with 
minimal initial damage and under ideal preservation conditions nucleic acids gradually degrade 
over time through spontaneous processes such as hydrolysis and oxidation (Hofreiter et al.
2001). Post-mortem DNA damage is charaeterized by strand breaks, abasic sites, miscoding 
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Figure 2. Forms o f DNA damage
The most com mon type o f  DNA damage in vivo, these forms o f damage can be caused by 
multiple sourees both endogenous and exogenous and each source o f damage may induce more 
than one type o f  damage.
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1.3.1 Strand breaks
The term strand break can be applied to a wide range o f  diverse chemical structures. 
Strand breaks are usually characterized by the loss or modification o f  the phosphodiester bond in 
the sugar-phosphate backbone o f DNA which results in a loss o f  integrity (Karimi-Busheri et al. 
1998). The phosphodiester bond is vulnerable to hydrolysis, both oecur at a fairly slow  but 
steady rate and are constantly being repaired in metabolically active tissue but will accum ulate in 
tissues post-mortem (Lindahl and Wood 1999). Oxidative damage and enzymatic attack can also 
break the DNA backbone. Single strand breaks (SSB) are lesions on one side o f the D NA  helix 
while the far more damaging double strand breaks (DSB) have lesions adjaeent to each other on 
both strands or in the very near vicinity causing a blunt or sticky end shearing o f the helix into 
two fragments. There are many chemically distinct 3 ’ and 5’ modifications but to be repaired the 
3 ’-termini have to be returned to hydroxyl groups and 5’-termini to phosphate groups in order for 
DNA polymerases and ligases to initiate and complete the DNA repair process. DSB repair 
involves either homologous recombination which requires an additional copy o f the DNA 
sequence on a sister chromatid or by non-homologous end joining which rejoins the broken ends 
directly but also may incorporate errors and deletions (Dobbs et al. 2008). DSB will inhibit both 
nucleotide excision repair (NER) and base excision repair (BER) in vitro even before the 
dénaturation step and are one o f  the major obstacles in repairing post-mortem DNA in vitro 
(C alsoueta l. 1996).
1.3.2 Abasic sites
The chemical bond between a DNA base and its respective deoxyribose sugar, the 
glycosidic bond, is subject to chance cleavage by a water molecule in a process know n as 
spontaneous hydrolysis. The result o f hydrolysis o f  the glycosidic bond is the creation o f  an
16
abasic site as the base is cleaved. The formation o f an abasic site can occur to any o f the four 
bases (A, T, G and C), both purine and pyrimidines, but have been reported at different rates 
where depurination has a higher rate than depyrimidination (Lindahl and Andersson 1972). 
Abasic sites can generate misincorporation lesions depending on the DNA polymerase but in 
most cases will prevent DNA replication if  allowed to accumulate and become blocking lesions.
1.3.3 M odified bases
Nucleic acid bases can be modified from their chemical structure in a multitude o f ways 
and each base has many sites which are susceptible to attack or modification (Figure 3). The 
nitrogen-carbon bond in the heterocyclic ring structure is less stable than a carbon-carbon bond. 
The presence o f  heteroatoms o f which nitrogen is one, results in significant changes in the cyclic 
molecular structure due to the availability o f  unshared electrons and the difference in 
electronegativity between the heteroatom and carbon. The purines because o f their double ring 
structure contain more heteroatom sites that are chemically reactive, so is often the target for the 
majority o f modified bases in DNA (Table 1). Guanine is the most reactive base with an extra 
oxygen in the 0 6 ' position o f  the ring which is also reactive and exposed to certain attack 
(Garcia-Valverde and Torroba 2005).
The susceptibility o f DNA bases to modification depends on its environment. The m ost 
com mon damage types that happen within the cell are alkylation/methylation, oxidation, 
deamination (hydrolysis) and hydrogenation. Other damage mechanisms exist espeeially in 
highly degraded DNA but the most common forms o f  damage have repair meehanisms in vivo 
which theoretically could be performed in vitro (Tuteja et al. 2001). M éthylation is the most 
common form o f alkylation in DNA which is simply the addition o f a methyl group to a DNA 







Baaecf on Fig. l -32 in FrieOtoerg, Walker a n d  S led e
Figure 3. Heteratoms in DNA bases most susceptible to chemical modification
The most active sites on the four m ain DNA bases that are subject to modifications especially to 
oxidative damage and also for silation in derivitization for GCMS analysis.
silencing consequence and transcriptional mutations (Razin and Riggs 1980) but still can cause 
problems in vitro by inhibiting PCR, preventing amplification as a blocking lesion or by 
inducing sequence changes to copies in the PCR reaction. Early on radiation biologists learned 
that the attack o f hydroxyl ( OH) radicals generated by the radiolysis o f water had significant 
alterations to all four bases and the deoxyribose sugar (Teoule 1987). Hydroxyl radicals are also 
produced through oxidation and enzymatic processes. It has been estimated that as m uch as 2% 
o f the oxygen consumed through respiration is converted to free radicals such as the OH radical. 
This is part o f  normal metabolism and is handled by the cell, while healthy and alive, but rapidly 
accumulates when the cell dies (Aust and Eveleigh 1999). Reactions o f the OH radical can be 
classified into three main types: hydrogen extraction, addition and electron transfer. Reactions o f 
the OH with the deoxyribose sugar proceeds by hydrogen abstraction forming carbon centered 
radicals. All five carbons in the deoxyribose are vulnerable to this attack. Under anaerobic 
conditions the CA' carbon can undergo (3 cleavage which leads to stand breakage, generating an 
abasic site and modifies the sugar (Dizdaroglu et al. 1975). Under aerobic conditions peroxyl 
radicals are formed by the addition o f  molecular oxygen. This results in the cleavage o f a carbon-
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carbon bond and the creation o f an alkali-labile site. The C5 ' can again undergo (3 cleavage 
which generates a strand break then the release o f  an intact base and an altered sugar occurs. An 
aldehyde formation at the C5' can also occur while generating a strand break (Goldberg 1987). 
The heterocyclic bases in the DNA can be modified through an addition reaction. In pyrimidines 
the OH radical adds to the C 5 '-C 6 ' double bond creating base radicals that rapidly undergo 
additional chemical reactions which results in multitudes o f modified bases (O'Neill 1983). In 
purines the OH radical adds to the C 4 ', C 5 ' and C 8 ' positions which can create both oxidizing 
and reducing types o f  radicals expanding the additional modification products that may be 
created (Cadet et al. 1999). The addition to the C8' can also undergo unimolecular opening o f  the 
imidazole ring again offering the opportunity for many possible modifications from additional 
reactions depending on the substances available and environmental conditions (Dizdaroglu et al. 
2008). The oxidized purine bases 2,6-diamino-5-formamidopyrimidine (Fapy-A) and 2,6- 
diamino-4-hydroxy-5-formam idopyrim idine (Fapy-G) are lethal lesions to cells in vivo 
effectively stopping replications one base prior to the fapy residue. In vitro analysis have shown 
both fapy modifications to be blocking lesions to both E.coli DNA Polymerase Klenow 
Fragment as well as phage T4 DNA Polymerase effectively inhibiting PCR analysis (O 'Connor 
et al. 1988). Deamination is the hydrolysis o f  an amine group from A, C or G which results in a 
m odified base (Table 1). An acidic, m oist environment and elevated temperatures will speed up 
the rate o f hydrolysis (W olfenden et al. 1998). The deamination o f DNA bases occurs more 
frequently in pyrim idines than in purines but both are equally mutagenic (Mol et al. 1999). In 
this reaction an oxygen atom is donated from a water molecule. The spontaneous deamination 
products o f A and G are recognizable as unnatural when they occur in DNA and thus are readily 
recognized and repaired (Table 1). Deamination does
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Table 1. Oxidative DNA modified products and the mutations induced
DNA modification M utation  
(base change)
Reference
5-formyluracil C -^T 1 , 2
G ^ T 1 , 2
T->C 1-4
T ^ A 1-4
T->G 2 ,5
5-hydroxyuracil C ->T 2, 6-8
5,6-dihydrouracil G ^ A 2 ,9
5,6-dihydroxyuracil C ^ T
G ^ A
2 ,7
5-hydroxy-6-hydro uracil C ^ T 2
5 -hydroxymethyluracil C ^ T 2, 7, 10, 11
Uracil glycol C ^ T 2, 6 ,8
5 -hydroxymethylcytosine C ^ T 1 1 , 1 2
5 -hydroxycytosine C->T 2 ,6 -8
5,6 -dihydroxycyto sine C ^ T 2
5 -hydroxy-6 -hydrocytosine C -^T 2
5-formylcytosine C->T 8, 13
C -^A 8, 13
cytosine glycol C -^T 2
8  -hydroxyguanine G ->T 2, 4, 7, 8, 14, 15
G ^ C 2, 4, 14, 15
G~^A 14, 15
A->C 8, 16
8  -hy droxyadenine A ^ G 2, 14, 17
A ^ C 14, 17
2 -hydroxyadenine A ^ G 2, 8, 15
A ^ T 8, 15
A ^ C 8, 15
5-hydroxy-6 -hydro thymine T -^C 2
thymine glycol Blocking 2, 8, 18
5 , 6  -dihydrothymine T->C 2
5 -hydroxy-5 -methylhydantoin Blocking 2 ,7
trans-l-carbam oyl-2-oxo-4,5-dihydroxyim idazolidine Blocking 2
5 -hydro xyhydantoin Blocking 2 ,7
A lloxan Blocking 2
4,6-diam ino-5-formam idopyrim idine (FapyA) Blocking 2,7
2,6-diamino-4-hydroxy-5-form amidopyrimidine (FapyG) Blocking 2,7
Oxazolone G ->T 2,8
I (A nensen et al. 2001). 2 (C ooke et al. 2003). 3 (M iyabe et al. 2001). 4 (Zhang 2001). 5 (Zhang et al. 
1997). 6 (Kreutzer and Essigm ann 1998). 7 (Kasprzak et al. 1997). 8 (Evans et al. 2004). 9 (Liu, Zhou et 
al. 1995). 10 (Cannon-Carlson et al. 1989). 11 (Hori et al. 2003). 12 (Baltz et al. 1976). 13 (Karino et al. 
2001). 14 (Tan, Grollman et al. 1999). 15 (Kam iya 2004). 16 (Cheng et al. 1992). 17 (Tuo et al. 2003). 18 
(Basu et al. 1989).
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not occur with T as there is no amine group but about 3% o f the C nucleotides in vertebrate DNA 
and as much as 25% o f plant DNA are methylated to help in controlling gene expression. In 
m ammalian cells C is often m ethylated on the 5’ position in the gene regulation and silencing 
function making the most common m utation which is the deamination o f 5-methlycytosine and 
formation o f  the base T (W aters and Swann 2000). These 5-methylcytosine nucleotides can be 
deaminated, to form the natural nucleotide T. This T would be adjacent to a G on the opposite 
strand, forming a mismatched base pair which will persist as a mutation in the sequence (Horst 
and Fritz 1996). Oxidative damaged bases can also generate replication errors, and transcription 
errors (Table 1) (Anensen et al. 2001; Cooke et al. 2003; Kamiya 2004; Tan et al. 1999).
Hydrogenation is simply the addition o f a hydrogen atom to the compound usually at the 
site o f  a carbon=carbon double bond. This addition reaction reduces the double bond to a single 
bond. On some occasions it is catalytic where it breaks a single bond. The T and C bases are the 
most susceptible to these modifications at the C 4 '= C 5 ' double bond. The resonance stability o f 
the C 4 '= C 5 ' double bond gives the N-glycosidic bond it resistance to acid hydrolysis. This 
modified base is now susceptible to depyrimidization and/or stand breakage (Dabkowska et al. 
2005). M any divalent metals increase the rate o f  hydrogenation especially if  the DNA is exposed 
such as the case in buried or treated remains (Cano 1996).
1.3.4 Cross links
Cross-linking o f DNA to DNA is a covalent bonding between two bases w ithin one 
strand (intrastrand) or to a base o f an adjacent strand (interstrand). Cross-linking can also occur 
between DNA and protein and DNA and sugars. All three types have deleterious effects in living 
organisms and can occur through a variety o f exogenous and endogenous agents
21
Intrastrand DNA cross-linking can cause kinking in the DNA strand which can prevent 
regulatory proteins from attaching or create a blocking structure for a DNA polymerase or repair 
protein which will prevent replication and amplification both in vivo and in vitro. Interstrand 
cross-links (ICLs) are an extremely toxic class o f DNA damage incurred during normal 
m etabolism and spontaneously post-mortem. The ICLs covalently tether both strands o f  duplex 
DNA, preventing strand unwinding which is essential for DNA polymerase access for 
transcription o f  essential metabolic proteins and for replication in vivo and prevents artificial 
amplification like PCR in vitro (Rothfuss and Grompe 2004). In kinetic studies done by Hansen 
et al (2006) on nucleic acids from Siberian frozen sediment core samples from the permafrost, 
layers ranging from 10,000 to 600,000 years old, they found that ICLs accumulated 
approxim ately 100 times faster than SSB. Although this will prevent amplification and retrieval 
through PCR it may well preserve the integrity o f the biological molecule over long periods o f 
time (Hansen et al. 2006). The mechanisms for the covalent bond formations were thought to 
involve a free radical transfer in the presence o f  molecular oxygen which is most likely the main 
m echanism in vivo but in vitro by exogenous agents by a free radical mechanism that requires no 
m olecular oxygen to be present (Greenberg 2005).
Proteins can become cross-linked to DNA by a variety o f agents including ultra-violet 
(UV) light, metals, various aldehydes and environmental chemicals. The mechanism m ost often 
is an oxidative free radical but can also occur through various chemical agents in combination 
with a metal such as chromium or nickel (Barker et al. 2005).
1.4 Damage detection
Detecting, identifying and quantifying types and severity o f  damage in DNA has been an 
active area o f  research in many fields. M ultitudes o f methods exist all with advantages and with
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major disadvantages; the challenge in this study was to find methods that could work for very 
small quantities o f  damaged DNA. The methods had to be sensitive, low cost, quick and without 
too much specialized equipment allowing multiple and rapid screening.
1.4.1 Gel electrophoresis
Agarose gel electrophoresis is the easiest and most common way o f separating and 
analyzing DNA (Johansson 1972). The DNA is placed in a well within the gel matrix and an 
electric current is applied. The DNA will then separate out from each other based on size and 
charge with smaller DNA fragments migrating faster through the gel than the larger ones 
allowing separation. The DNA is visualized in the gel by the addition o f ethidium bromide 
(EtBr) which intercalates in the groove o f  the DNA and fluoresces under UV light. M olecular 
markers o f  known sizes are run on each gel for comparison. Band intensities can be m easured to 
give quantitative measurements o f DNA amount or to assess inhibition and optim ization o f  a 
PCR reaction. The presence o f smearing or bands o f unexpected size may also indicate template 
damage or partial PCR inhibition.
Polyacrylamide gel electrophoresis (PAGE) uses the same principles as agarose gel 
electrophoresis but uses polyacrylamide for the matrix which because o f its synthetic nature 
allows for a more uniform distribution. It is particularly useful when a higher degree o f 
resolution is necessary even single base pair differences in DNA bands can be distinguished.
1.4.2 Gas chromatography mass spectroscopy
Structural identification o f  modified bases in DNA has been a much sought after and 
elusive goal for investigators. High performance liquid chromatography (HPLC) with electro­
chemical (EC) detection has been used successfully for the analysis o f modified bases in cellular
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DNA but the sensitivity is limited and many modified bases could not be observed (D izdaroglu 
et al. 1993b). Gas chromatography coupled to mass spectrometry (GCMS) is more universal and 
provides high sensitivity and selectivity for the characterization and quantification o f  m odified 
nucleic bases. GCMS with electron ionization is a very reliable and highly sensitive m ethod for 
the detection and quantification o f all four nitrogenous bases in DNA and a large group o f  their 
modified products from one sample (Jaruga et al. 2008). DNA being a large molecule needs to be 
hydrolyzed into individual nucleotides or nucleosides for separation and for discrimination by 
the GCMS. DNA can be hydrolyzed by a heat/acid method or enzymatically in either case 
residual hydrolyzing agents become possible contaminants in the process if  not removed. After 
hydrolysis GCMS requires that the polar nucleotides and bases must be converted to therm ally 
stable derivatives that posses characteristic mass spectra (Jenner et al. 1998). One o f the m ost 
popular methods is trimethlysilylation with N, O -bis(trimethylsilyl)trifluoroacetamide (BSTFA). 
BSTFA is an effective trimethylsilyl donor that reacts with a wide range o f polar compounds to 
replace labile hydrogens on a wide range o f polar compounds with a -Si (CH ] ) 3  group.
Therefore, it is widely used to prepare volatile and thermally stable derivatives for gas 
chromatography and mass spectrometry and is particularly suited to the derivitization o f  nucleic 
acids (Dizdaroglu 1990). The presence or absence o f oxygen during the derivitization process 
can also effect the types and amounts o f modified products detected so most reactions are done 
under an inert gas such as nitrogen (Dizdaroglu 1994). Ion profiles were generated for the 
damaged nitrogenous bases in this study. To locate and identify specific damage products in the 
derivitized nucleic acid samples with GCMS, ion profiles from previously published work that 
are known to be representative o f that individual product with a very high degree o f  accuracy and 
certainty within a fairly complex mixture were used.
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1.5 DNA Repair in vivo
In mammalian cells there are at least four major pathways for the repair o f  dam aged 
DNA. First, a simple reversal o f the damage called direct reversal (DR); second, base excision 
repair (BER); third, nucleotide excision repair (NER), including mismatch and transcription- 
coupled repair; and last, recombination repair including non-homologous end joining. Simple 
DR repair can be applied to repair modification to the DNA strand that involve the form ation o f 
adducts or cross-links whereby the DR repair is simply a cleavage o f these structures. Some of 
these types o f mechanisms include alkylation where the added methyl or alkyl group can be 
chemically or enzymatically removed.
1.5.1 Direct Reversal
The DR repair is the most energy efficient method o f DNA repair and does not involve 
breaking the DNA backbone potentially exposing the DNA to greater damage but there are only 
a few types o f  DNA damage that can be repaired in this way. The DR repair system can reverse 
the UV induced pyridimine dimer formation and remove methyl groups by methyltransferases. 
The m ost frequent damage type is the spontaneous addition o f a methyl group (CH 3-) to C 
(W yatt and Pittman 2006) this additional methyl group can be cleaved using methyltransferases. 
The formation o f  pyrimidine dimers, the major type o f damage caused by UV light, distorts the 
double helix and blocks transcription or replication past the damaged site. The DR process called 
photoreactivation causes direct reversal o f  the dimerized reaction, thus the original pyrim idine 
bases are restored (Jagger 1958).
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1.5.2 Bypass Damage Repair
Pyrimidine dimers, modified bases and protein cross-links can act as blocking lesions to 
DNA replication. M any cells have specialized low fidelity and often error prone DNA 
polymerases that can replicate the damaged DNA section without disassociating from the DNA 
strand (Johnson et al. 1999). The majority o f these DNA polymerases belong to the Y family o f 
DNA polymerases and are present as homologues in many different kinds o f  organisms. These 
DNA polym erases all lack 3 ’ to 5 ’ exonuclease activity and are capable o f all twelve mism atch 
base pairings (Kokoska et al. 2002). The presence o f  error prone DNA polymerases in organisms 
that need to maintain specific genome integrity does not seem to make evolutionary sense but 
because their activity is severely limited. As an example the Sulfolobus solfataricus DNA 
Polymerase IV (Dpo4), a thermostable Y family DNA polymerase is able to replicate up to 
approximately 50 nucleotides per binding event w ith m ost binding events only resulting in a few 
nucleotide inclusions (Boudsocq et al. 2001). This suggests that these enzymes are used to patch 
DNA in combination with other proofreading enzymes (Godoy et al. 2006).
1.5.3 Enzymatic BER and NER
Base excision repair involves removing the incorrect or modified base from the DNA 
strand by an appropriate DNA N-glycosylase to create an apurinic/apyrimidinic (AP) site. These 
hydrolyze the N-glycosidic bond between the base and the deoxyribose sugar o f  the DNA 
backbone. The crystal structures o f many o f the DNA glycosylases have been determined. They 
are similar to each other, and they suggest a com mon mode o f action (with variations, depending 
on the specific structure recognized by the glycosylase). It appears that the DNA glycosylases 
gently pinch the DNA while scanning it, so that the DNA kinks (bends sharply) at positions o f 
instability caused by the mismatching bases. The glycosylases all possess specific binding sites
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for the modified bases that they recognize. The DNA kinking, combined with additional pushing 
by the enzyme, encourages mismatched bases to flip out o f  the DNA double helix and enter the 
binding site. If  the modified base is recognized by the fit within the binding site o f the 
glycosylase the bond to the deoxyribose in the DNA backbone is cleaved (Roberts and Cheng 
1998). Then an AP Endonuclease creates a nick in the backbone o f  the damaged DNA strand 
upstream o f the AP site, thus creating a 3 '-0H  terminus adjacent to the AP site. A DNA 
polymerase then can attach to the DNA upstream and synthesize a new DNA strand by replacing 
the AP site and finally the end is ligated by a DNA ligase enzyme.
Nucleotide excision repair is a more complicated procedure for dealing with DNA 
damage (Maddukuri et al. 2007). The NER is one o f the most versatile repair pathways which 
operate in both eukaryotes and prokaryotes. Unlike the other repair pathways N ER is capable o f 
removing various classes o f  damage including cross-links (Balajee and Bohr 2000). The major 
difference between N ER and BER is the w ay the damage is removed. The NER cuts out the 
damaged DNA in sections, while in the BER pathway only the base o f  one nucleotide is excised. 
In eukaryotes up to 32 nucleotides can be removed at a time with NER (Moggs et al. 1996). The 
N ER pathway in mammals involve at least 30 gene products while bacteria use mainly four 
enzymes (DeLaat and Meadows 1999). Due to the complexity o f the m ammalian system and 
problems that would be involved trying to adapt to an in vitro system this project will focus on 
the bacterial NER. The N ER systems recognize the damaged DNA strand and cleave it 3', then 5' 
to the lesion. After the oligonucleotides containing the lesion are removed, repair synthesis fills 
the resulting gap. The UvrABC is the endonuclease enzyme complex that is responsible for 
repairing a variety o f structurally dissimilar DNA damage products in vitro and in vivo. The 
UvrA enzyme within the enzyme complex is involved in recognizing certain damage products
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and helping the UvrB enzyme attach. The UvrB is the central component o f bacterial NER. It is 
directly involved in distinguishing damaged from undam aged DNA and guides the DNA from 
recognition to repair synthesis (Theis et al. 2000). The UrvC combines w ith UrvB and together 
excise a 12 to 13 oligonucleotide fragment at either side o f the lesion which is released from  the 
DNA by another enzyme UvrD (Orren and Sancar 1990). A DNA polym erase can now attach 
provided the sides o f the newly created lesion have the appropriate hydroxyl or phosphate group 
and fill in the gap using the opposite strand as a template. Finally a DNA ligase enzyme fills in 
the remaining gap after the DNA polymerase has filled in the section and disassociated.
1.6 DNA Repair M ethods in vitro
1.6.1 Simple ligation
Simple ligation is an in vitro method o f  DNA repair based on the BER in vivo repair 
pathway. Before PCR the samples are incubated w ith DNA Polymerase I (Pol I) which translates 
the nicks in the DNA strand, and the remaining gaps are closed by subsequent treatment w ith T4 
DNA Ligase (Pusch et al. 1998). This simple method was performed by Pusch et al. (1998) on 
buried skeletal material between thirteen hundred and sixteen hundred years old excavated from 
an Alamannic burial site at Neresheim, Germany. The site’s characteristics include a temperate 
climate with warm summers and cold winters, but prolonged periods o f frost or snow are rare. 
Precipitation is recorded throughout the year. W ork done later by Di Bernardo et al. (2002) again 
used this treatm ent on remains from the archaeological site o f Pompeii w ith an additional step o f 
a pre-denaturation to try and improve the method, based on the theory that the DNA would have 
accumulated cross-links over time. However the amplifiable regions o f  interest would have to be 
within these cross-linked regions for this method to be effective (Di Bernardo et al. 2002). The
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Pompeii site characteristics included a soil/ash pH value slightly alkaline at 7.5 and low humic 
acid content (Cipollaro et al. 1999). The dynamics o f the burial by the volcanic eruption o f 
Vesuvius in AD 79 which buried the town rapidly in as m uch as thirty feet o f  hot ash also 
prevented microbial and fungal degradation and presumably an anaerobic environment w ith a 
stable temperature and relatively arid climate. The Di Bernardo team (Di Bernardo et al. 2002) 
increased the success rate o f  retrieval and amplification o f DNA by 80% while the Pusch team  
(Pusch et al. 1998) was unable to amplify their target region through PCR. The difference 
between the samples could explain the differences in this repair method reported by these 
researchers.
1.6.2 Glycosylase with ligation
A proposed improvement to simple ligation includes an addition step o f including a 
glycosylase as a pretreatm ent before the repair reaction. In this method a glycosylase that 
recognizes a variety o f damage modifications, or a specific glycosylase if  the modified damage 
product is known, is added to the damage DNA in the first step toward repair. It removes the 
aberrant base from the DNA backbone by hydrolyzing the N-glycosidic bond to produce an AP 
site (Ide and Kotera 2004). A proof reading enzyme usually belonging to the Pol I family can 
insert the correct base back into the apurinic site using the opposite strand as a template while the 
DNA is still double stranded. Finally ju st as in the simple ligation, a DNA ligase enzyme joins 
the strands at the nicks back together. The treated DNA is then ready for further amplifications 
after a short heat dénaturation and inactivation o f  the repair enzymes but not high enough to 
denature the double stranded DNA.
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1.7 Enzymes
DNA repair enzymes have the ability to search through vast tracts o f DNA to find subtle 
anomalies in the structure. Each enzyme can have multiple functions such as a proofreading 
DNA polymerase or a very specific task such as the human repair enzyme 8 -oxoguanine 
Glycosylase (hO G G l) which specifically removes 8 -oxoguanine (oxoG), a damaged G with an 
extra oxygen atom but leaves all others (David 2005).
1.7.1 DNA Polym erase Klenow Fragment
The DNA Polymerase Klenow Fragment (Klenow) is the large fragment o f  DNA 
Polymerase I. It exhibits the 3’—>■ 5’ exonuclease activity as well as 5 ’^  3 ’ polymerase activity 
but lacks the 5 ’—> 3’ exonuclease activity o f  Pol I (Feinberg and Vogelstein 1983). It is most 
commonly used for nick translation and labeling o f  DNA, Filling in recessed 3' ends o f  DNA 
fragments and digesting away protruding 3' overhangs. A  "fill-in" reaction is used to create blunt 
ends on fragments created by cleavage with restriction enzymes that leave 5' overhang while 
digesting 3 ’ overhangs is another method for producing blunt ends on DNA generated from 
restriction enzymes that cleave to produce 3' overhangs (King et al. 1996). The ability to 
incorporate nucleotides at strand nicks and AP sites at a relatively low temperature makes it a 
good candidate for repairing damaged DNA in vitro before amplification.
1.7.2 T4 DNA Polymerase
The T4 DNA Polymerase is a bacteriophage o f E. coli. The activities o f T4 DNA 
Polymerase are very similar to Klenow fragment o f  Pol I. It catalyzes the synthesis o f DNA in 
the 5 '—» 3 ' direction and requires the presence o f  template and primer. This enzyme has a 3 
5 ' exonuclease activity which is much more active than that found in Pol I. Unlike Pol I, T4
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DNA Polymerase does not have a  5 3 '  exonuclease function making it much like the Klenow 
Fragment o f Pol I but has a higher fidelity and a more robust exonuclease ability (Gupta et al. 
1984). Substituting T4 DNA polymerase for the Klenow in the simple ligation method should 
increase its efficiency.
1.7.3 T4 Ligase
The T4 DNA Ligase is an enzyme encoded by bacteriophage T4. It catalyzes a joining 
reaction between DNA molecules involving the 3' - hydroxy and the 5' - phosphate termini. It 
also catalyzes the covalent joining o f two segments to one uninterrupted strand in double 
stranded DNA (dsDNA). This is very important for the repair o f single stranded nicks that would 
cause the DNA to fragment when it is denatured in PCR. Bacteriophage T4 DNA Ligase is a 
single polypeptide with M.W . o f  68,000 Daltons. M aximal activity is obtained at pH 7.5 - 8.0. At 
pH  6.9 and pH 8.3 the enzyme exhibits 40% and 65% o f its full activity respectively. Mg^^ 
presence is required.
1.7.4 Endonuclease IV
Endonuclease IV (Endo IV) can act on a variety o f oxidative damage in DNA. The 
enzyme is apurinic/apyrimidinic (AP) endonuclease that will hydrolyze intact AP sites in DNA. 
AP sites are cleaved at the first phosphodiester bond that is 5’ to the lesion leaving at hydroxyl 
group at the 3 ’ terminus and a deoxyribose 5 ’-phosphate at the 5 ’ terminus which is im portant 
for ligation later on (Levin and Demple 1996). In addition Endo IV also has 3 ’-diesterase activity 
and can release phosphoglycoaldehyde, intact deoxyribose 5-phosphate and phosphate from  the 
3 ’ end o f DNA which will are blocking lesions to DNA polymerases and DNA ligase preventing 
further DNA repair (Sandigursky and Franklin 1993).
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1.7.5 Phi 29
Phi 29 (alternatively Y29) is a DNA polym erase that is the product o f  a viral gene from 
the Bacillus subtilis phage 29. It is approximately 60 kDa in size and has a few properties that 
make it potentially useful in DNA repair and recovery. It has excellent strand displacement 
ability and processivity with an error incorporation rate 100 fold lower than Taq DNA 
Polymerase (Esteban et al. 1993). It is able to perform these functions at moderate temperatures 
so the DNA stands do not need to be heated to denature them and risk the fragmentation o f  the 
molecule as it is amplified so a therm ocycler is not needed to amplify DNA and could be 
performed on site. In countries or locations in which sample removal is frowned upon this trait 
could be very useful. The less participants in the chain o f  custody also would greatly reduce the 
chance o f contamination which is the greatest obstacle to degraded DNA and aDNA research 
The next trait it contains which makes it a potential repair enzyme is it possesses 3 ’ —» S’ 
exonuclease ability for proofreading and repairing damaged DNA template (Blanco and Salas 
1996). It was reported to have successfully amplified full mitochondrial genomes o f  6  felids 
samples from Thailand up to 19 years old that showed major degradation (Janecka 2006).
1.7.6 PreCRTJ^ R epair Mix
The PreCR'T’̂  Repair M ix is an enzyme cocktail formulated to repair damaged template 
DNA prior to its use in the PCR, microarrays or other DNA technologies. PreCR^’'̂  claims to 
repair a broad range o f  DNA damage, including apurinic/apyrimidinic sites, thymine dimers, 
nicks, gaps, deaminated C and 8 -oxo-guanine. In also claims to remove a variety o f 
m odifications from the 3 'end o f DNA which are major inhibitors to PCR and leaves a hydroxyl 
group. The PreCR™  Repair Mix does not repair all damage that inhibit/interfere with PCR 
which include many modified bases such as 8-oxo-7, 8-dihydro-2'deoxyadenosines or
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fragmented DNA. The DNA ligase present in the mix is very active at sealing nicks in DNA but 
does not ligate blunt ends or nicks near a mismatch effectively. It consists o f  a mixture Taq DNA 
Ligase, Endonuclease IV, Bst DNA Polymerase, Formamidopyrimidine-DNA Glycosylase 
(Fpg), Uracil-DNA Glycosylase (UDG), T4 Pyrimidine Dimer Glycosylase (PDG) (alternatively 
T4 Endonuclease V), Endonuclease VIII (Endo VIII) which is proprietary and the relative 
concentrations o f  each are not disclosed.
Taq DNA Ligase catalyzes the formation o f  a phosphodiester bond between 5 ' phosphate 
and 3 ' hydroxyl term ini o f  two adjacent oligonucleotides. The ligation will occur only if  the 
oligonucleotides are perfectly paired to the complementary target DNA and have no gaps 
between them; therefore, a  single-base substitution can be detected which allows for a very high 
fidelity without m isincorporations. Taq DNA Ligase is active at elevated temperatures (W u and 
W allace 1989)
The Formam idopyrim idine-DNA Glycosylase (Fpg), also referred to as 8 -oxoguanine 
DNA Glycosylase in some literature, acts as both a N-glycosylase and an AP-lyase. The N- 
glycosylase activity releases damaged purines from double stranded DNA, generating an 
apurinic site (AP site). The AP-lyase activity cleaves both 3 ' and 5 ' to the AP site thereby 
removing the AP site and leaving a 1 base gap. This enzyme repairs oxidative DNA damage by 
efficiently removing formamidopyrimidine lesions and 8 -oxoguanine residues from DNA. Some 
o f the damaged bases recognized and removed by Fpg include 7, 8 -dihydro-8 -oxoguanine (8 - 
oxoguanine), 8 -oxoadenine, Fapy-G, methyl-fapy-guanine, Fapy-A, aflatoxin Bi-fapy-guanine, 
5-hydroxy-cytosine and 5-hydroxy-uracil (Tchou et al. 1994; Boiteux et al. 1992; Boiteux et al. 
1990). The Bst DNA Polymerase Large Fragment is the portion o f the Bacillus 
stearothermophilus DNA polym erase protein that contains the 5 ' —> 3 ' polymerase activity, but
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lacks 5 ' —̂ 3 ' exonuclease activity similar function to the Klenow fragment o f Pol I (A liotta et al. 
1996).
The E. coli Uracil-DNA Glycosylase (UDG) catalyses the release o f free uracil from 
uracil-containing DNA. UDG efficiently hydrolyzes uracil from single-stranded or double­
stranded DNA, but not from  oligomers ( 6  or fewer bases) (Devchand et al. 1993).
The T4 Pyrim idine Dimer Glycosylase (PDG) has both DNA glycosylase and AP lyase 
activity. The 16 kDa protein recognizes cis-syn-cyclobutane pyrimidine dimers caused by UV 
irradiation. The enzyme cleaves the glycosyl bond o f the 5 ' end o f  the pyrimidine dimer and the 
endonucleolytic activity cleaves the phosphodiester bond at the AP site (Higgins and Lloyd 
1987).
Endonuclease VIII from E. coli acts as both a N-glycosylase and an AP-lyase. The N- 
glycosylase activity releases damaged pyrimidines from double-stranded DNA, generating an 
apurinic site (AP site). The AP-lyase activity cleaves 3 ' and 5 ' to the AP site leaving a 
5 ' phosphate and a  3 ' phosphate. Damaged bases recognized and removed by Endo VIII include 
urea, 5, 6 - dihydroxythymine, thymine glycol, 5-hydroxy-5- methylhydantoin, uracil glycol, 6 - 
hydroxy-5, 6 -dihydrothymine (Dizdaroglu et al. 1993a; Hatahet et al. 1994).
1.8 Chemical
Several chem ical additives have been reported to enhance recovery o f  DNA but m ost are 
effective only on cross-linking between DNA bases and covalently bonded heavy metals. An 
example o f  this is N-Phenacylthiazolium Bromide (PTB) which reportedly improves DNA 
retrieval from bones and coprolites by cleaving sugar-derived condensation products that 
otherwise may encapsulate nucleic acids becoming covalently cross-linked to them specifically 
in advanced stages o f the Maillard reaction (Poinar et al. 1998; Hofreiter et al. 2000).
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2.0 Methods and Procedures
2.1 M ethod optimization
DNA template was damaged, purified and repaired all within twenty four hours to 
prevent any unwanted damage products forming over time such as additional strand breaks 
which can spontaneously be generated from some forms o f DNA damage. Certain oxidative 
products are unstable and could also convert to other modified bases which if  not analyzed in a 
timely manner would give misleading information to the quantity and type o f  modified bases in 
the sample.
2.1.1 DNA extraction
The enzymatic extraction methods have been around since the 1970s and have been 
employed in many fields o f molecular biology. The Proteinase K (PK) enzymatic method is a 
standard extraction m ethod used in forensic science for its reliability. The method used in this 
research is a modified method from the PK method presented by Hansen (Hansen 1974). The PK 
extraction will be used to extract mitochondrial DNA from buccal mouth swabs. In 1.5mL 
centrifuge tubes extraction buffer (20% SDS, 0.9M tris base, 0.9M boric acid, 0.5M EDTA) is 
added to a up to a volum e o f 385 uL PK enzyme (20mg/mL) aliquot o f 2pL is added and 
vortexed. A buccal swab o f the inner cheek is added to the tube and quickly vortexed. The tubes 
are then incubated at 55°C for 3 hours.
2.1.2 DNA purification
2.1.2.1 Ethanol precipitation
DNA extracts to be purified and heat/acid treated samples are prepared in 1.5mL sterile
centrifuge tubes. 10% v/v o f 3M sodium acetate is added to each tube and vortexed for 1 minute.
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A 2.5X volume o f cold ethanol (95%) is added and tubes are placed on ice for 30 minutes to 
allow precipitation to occur. Tubes are the centrifuged in a table top centrifuge at 17,900 x g for 
5 minutes. The supernatant is removed without dislodging pellet. The pellet is air dried for 1 
hour. It is then resuspended in 150pL o f ddHzO and incubated at 37°C for 15 minutes. If  the 
extracts were not being used immediately they can be stored at -20°C. I f  the extract is being used 
for the heat/acid treatment the pellet is resuspended in 50pL o f ddHzO and either used in a PCR 
or derivitized for GCMS.
2.1.2.2 QIAquick PCR purification bind/elute columns
QIAquick columns were used to purify DNA after damage and repair treatments to 
remove damaging agents and repair enzymes which could inhibit PCR or GCMS results. Buffer 
solutions were supplied from Qiagen with the columns. A 5X volume o f PB Buffer was added to 
a IX  volume o f  sample to be purified and quickly vortexed. The mixture was pipetted to the 
centre o f  the membrane in the column and centrifuged for 1 minute at 17,900x g. The eluate is 
discarded. A volume o f 750pL o f PE Buffer was pipetted into the column and again centrifuged 
for 1 minute at 17,900x g. The eluate is again discarded. The column was transferred to a sterile 
1.5mL centrifuge tube and 50pL o f sterile ddHiO was added to centre o f the membrane within 
the column and allowed to incubate for 1 minute at room temperature (18°C). The colum n was 
centrifuged at 17,900x g to elute the DNA for 1 minute. Purified samples were then stored at - 
20° C.
2.1.3 DNA amplification and visualization
2.1.3.1 Taq DNA polymerase PCR amplification protocol
Thermostable DNA polymerase from Thermus aquaticus {Taq) was used to amplify 
DNA samples after extraction, after damage treatments and also after repair treatments to
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evaluate effectiveness o f damage and repair on the PCR reaction. Standard reactions were 
performed at 20pLvolum es in 0.2mL tubes and used mitochondrial DNA primers 14724F (5 ’- 
CGA AGC TTG ATA TGA AAA ACC ATC GTT G -3’) and 15149R (5’-AAA CTG GAG CCC 
TCA GAA TGA TAT TTG-3’) (Table 2). All reactions are performed on ice. The PCR reaction 
after optimization consisted o f 200pM  dNTPs, 0.2pM  o f  each primer, l.OmM M gC b, IX  PCR 
buffer (750mM  tris-HCl [pH 8 . 8  at 25°C], 200mM  (NH 4 )2 S0 4 , 0.1% tween 20), 0.5U Taq DNA 
Polymerase, 500ng o f  DNA template, the remaining volume was made up to 20pL using ddH 2 0 . 
Tubes were vortexed and spun down and placed in a 96 well Gradient M astercycler (Eppendorf).
Table 2. Primers used in study____________________________________________________
Primer___________Sequence ______________________________________ Am plicon
MtF 16210 TTT TCT ATT TTT AAC CTT TAG GAC 800bp
M tR408 CAG CAA TCA TCA ACC CTC AAC TAT
M tl 4724F CGA AGC TTG ATA TGA AAA ACC ATC GTT G 425bp
M t 15149R AAA CTG GAG CCC TCA GAA TGA TAT TTG
M tl 6  190F CCC ATG CCT ACA AGC AAG TA 230bp
M t 16 420R TGA TTT CAC GGA GGA TGG TG
Amelogenin F CCC TGG GCT CTG TA A AGA ATA GTG 106/112bp









M tl4724F yes yes yes Yes yes No
M tl5149R yes yes yes Yes yes No
M tl 6  429R no no no Yes No No
M tl 6 191F no no no Yes No No
Amelogenin 
(Nuclear DNA)
no no no No No Yes
T h e c y c lin g  param eters in c lu d ed  an in itia l dénaturation  at 94°C for 2 minutes fo llow ed by 25 cycles  
o f  94°C for 30 seconds, 60°C for 1 minute and 72°C for 2 minutes. On com pletion the reaction w as
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placed at 4°C on hold. This PCR protocol was followed for all samples except the ancient samples. 
The 800bp amplicon was unable to recover a profile and was reduced to the 425bp am plicon 
during the strand break experiments. The amplicon was further reduced to 230bp for the 
Egyptian samples after profile was unable to be recovered from the 425bp amplicon.
2.1.3.2 Electrophoresis protocol
The detection o f PCR products are applied to 2% gel electrophoresis (AGE) containing 
ethidium  bromide for detection (EtBr) and viewed with a transilluminator under UV light. Load 
one well with molecular m arker (5pL) and wells with 3pL o f 6 X loading buffer (Invitrogen) and 
5pL sample. Gels were run for 30 minutes at 110 Volts. The gel is removed after it has run and 
viewed on the transiluminator (wavelength UV B) and photographed.
The ancient samples were run on a 6 % polyacrylamide gel due to the small am plicon and 
the need for better separation to distinguish the sexing bands which differed by only several 
bases.
2.1.4 DNA quantification
DNA in this study was quantified with the use o f very accurate fluorometric dyes which 
attach to dsDNA and are read by a special photometric analyzer. Only microlitres o f  sample are 
needed and the results very accurate. This method allowed damaged DNA to be measured along 
with viable DNA for accurate quantification.
2.1.4.1 Qubit fluorometer quantification
Quant-it was used to measure DNA concentrations in initial PK extractions and in 
purified PCR products to standardize reactions for final DNA concentrations o f 500ng per 50pL 
reaction. Quant-it working solution is made by diluting the Quant-it reagent 1:200 in Quant-it
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buffer in 5mL falcon tube (cannot be glass container). 200gL o f working solution is required for 
each sample to be quantified and standards. Solutions are prepared as per table 4.
Table 4. Qubit standards /  working solutions
Standards Samples
W orking Solution 190pL 180-199pL
Standard lOpL
Sample l-20pL
Total Volume per tube 200pL 200pL
Vortex all tubes for 2-3 seconds and incubate for two minutes at room temperature 
avoiding direct light. Insert into Qubit Quantmeter and wait five seconds for each measurement. 
Five measurements are taken and averaged for a final nucleic acid concentration given in 
nanograms per microlitre (ng/pL).
2.1.5 DNA repair methods
All repair reactions were run with an undamaged DNA template positive control and a 
negative control containing only reagents and an aliquot o f  ddHiO that was purified along with 
the damaged template to monitor contamination.
2.1.5.1 DNA Polymerase 1 Klenow Fragment repair method
In a 0.2mL microcentrifuge tube 2.5U o f Klenow fragment in storage buffer (25mM  tris- 
HCl [pH 7.5] O.lmM EDTA, Im M  DTT and 50% [v/v] glycerol), 5pL lOX nick translation 
buffer (500mM  tris-HCl [pH 8.0 at 25°C], 50mM M gCb, lOmM DTT), 500ng damaged DNA 
template, 0.4mM  each dNTP and ddHiO to a total volume o f  50pL. The reaction was carried out 
for 60 minutes at 37°C, and terminated with a 20 minute incubation at 70°C.
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2.1.5.2 T4 DNA Polymerase repair method
A volume o f 2.5U T4 DNA Polymerase in storage buffer (20mM potassium phosphate 
[pH 7.5], 200mM  KCl, 2mM DTT and 50% [v/v] glycerol), lOpL 5X nick translation buffer 
(335mM  tris-HCl [pH 8.0 at 25°C], 33mM MgClz, 5mM DTT, 84mM (NHQaSOQ, 500ng 
damaged DNA template, 0.4mM each dNTP and ddHaO to a total volume o f  50pL. The reaction 
was carried out for 60 minutes at 37°C, and terminated with a 20 minute incubation at 70°C
2.1.5.3 T4 DNA Ligase repair method
The T4 DNA Ligase was used in this study as a final treatment in the repair protocols to 
ligate the strand nicks left after the other repair methods were tested and to repair and 
spontaneous SSB created during the damaging treatments. T4 DNA Ligase was purchased from 
Fermentas Life Sciences at a concentration o f 5U/pL. An aliquot o f 200ng o f treated DNA 
template was added to a 0.2mL centrifuge tube. A volume o f 2pL  o f lOX ligase buffer (400mM  
tris-HCl, lOOmM MgCL, lOOmM DTT, 5mM ATP [pH 7.8] at 25°C) was added with 0.5U o f T4 
DNA Ligase to the tube and briefly vortexed. The reaction tubes were placed in a therm ocycler 
(Eppendorf M astercycler 96 well) for 1 hour with cycles between 10 and 30°C with a 10 second 
hold at each temperature per cycle. After enzymatic treatment DNA was purified with QIAquick 
purification columns and stored at -20°C for GCMS and PCR amplification.
2.1.5.4 Endonuclease IV reaction
Endonuclease IV (Endo IV) was used in this study as an additional repair step prior to 
simple ligation. It was purchased from N ew England BioLabs at a concentration o f lOOOOU/mL 
in storage buffer (lOOmM NaCl, 50mM tris-HCl [pH 7.4] and 50% glycerol). All reactions were 
carried out on ice. An amount o f 0.5 pg o f  damaged template DNA was added to 0.2mL 
microcentrifuge tube along with lOOU o f Endo IV with 5pL o f lOx reaction buffer (lOOmM
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NaCl, 50mM tris-HCl, lOmM M gCb, Im M  DTT [ph7.9 at 25°C]). The volume was brought up 
to 50pL with ddHiO. The volume o f ddHiO added is dependent on the concentration o f  DNA 
template added. Samples were incubated for 4 hours at 37°C which was followed by 20 minute 
incubation at 65°C to denature enzyme. Samples were cooled in ice then used in following repair 
steps.
2.1.5.5 Phi 29 helicase dependant DNA polymerase method
Phi 29 is usually used as a replicative enzyme for amplification o f  DNA template when a 
therm ocycler is not available because it is very accurate and can replicate at moderate 
temperatures due to its high strand displacement ability. In this study phi 29 is used as a 
pretreatm ent to repair the DNA template before being amplified with Taq DNA Polymerase. Phi 
29 DNA Polymerase was purchased from New England BioLabs at a concentration o f 
lOOOOU/mL in storage buffer (lOOmM, KCl, lOmM tris-HCl [pH7.4], O.lmM EDTA, Im M  
DTT, 0.5% Tween 20, 0.5% NP-40 and 50% glycerol.). In 0.2mL microcentrifuge tube 500ng o f 
damaged DNA template was added with lOOU o f phi 29 enzyme and IX  Reaction Buffer (50mM  
tris-HCl, lOmM MgCL, lOmM (NHQa S O 4, 4mM DTT [pH 7.7 at25°C]), O.lmg/mL BSA and 
0.2mM  dN TP’s. The tubes were vortexed briefly then spun down. The reactions were incubated 
for 4 hours at 37°C followed by a 10 minute heat inactivation at 65°C. Tubes were cooled on ice 
and used directly in following amplification.
2.1.5.6 PreCRTM Repair M ix
The protocol for the PreCR'^'^ Repair kit (New England BioLabs Inc.) followed the 
m anufacturer’s instructions. This method summarized combined IX  ThermoPol Buffer, lOOpM 
dN TP’s, IX  NAD+, damaged template DNA and ddH 2 0  to 46pL at room temperature (18°C). 
Add 1 pL o f  the PreCR™  Repair M ix to the reaction and mix gently. Incubate the reaction for
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15-20 minutes at 37°C. Place the reactions on ice. Add the primers, a second aliquot o f dN TP’s 
(another 1 OOpM) and the DNA polymerase directly to the repair reaction mix then proceed with 
the PCR amplification protocol.
2.1.6 Hydrolysis and derivatisation
DNA template from repaired and unrepaired as well as control samples with initial 
concentrations o f 500ng were initially dried under vacuum in a 2mL autosam pler vial, without 
heat, using an Eppendorf Concentrator 5301. The samples were then hydrolyzed with 0.5mL o f 
60% formic acid in evacuated tubes filled with nitrogen and heated to 140° C for 30 minutes.
The samples were then lyophilized for 48 hours following the methods o f Senturker et al. 
(Senturker and Dizdaroglu 1999). The samples were then derivitized with 0.4mL o f BSTFA with 
1% trimethlychlorosilane (Sigma-Aldrich) which is a trimethylsilyl donator that allows 
compounds to be derivitized into thermostable compounds for GCMS analysis and 0.1 mL 
acetonitrile (Sigma-Aldrich) which acts as the inorganic solvent for the nucleic acids. The tubes 
were purged with nitrogen and then sealed w ith teflon-coated septa. The derivitization was 
carried out at 120°C for 30 minutes. A final dilution o f 2mL o f acetonitrile were then injected 
into the sealed tubes and immediately brought to be analyzed by GCMS.
2.1.7 Gas chromatography mass spectroscopy
The derivitized samples were analyzed by Varion model 450 gas chromatograph coupled 
with a Varion model 300-MS quadrupole GCMS mass spectrometer equipped with factor four 
capillary column ( VF-5ms, 30m x 0.25mm ID, DF=0.25um). Helium was used for the carrier 
gas at a flow rate o f 1.0 mL/min. Samples were introduced via split mode with a one in ten split 
by an autosampler with the injection port at a temperature o f 280°C. The oven temperature was
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initially 50°C for 1 minute then ramped up to 280°C at a rate o f  10°C/min and then held for 6  
minutes. Under electrospray ionization (El) conditions, with ionization energy 70eV, ion source 
set at 200°C. The scan range was from 70 to 600amu. The GCMS interface temperature was set 
at 270°C. The quantitative analysis o f major oxidative products was performed with GCMS
Table 5. M odified Bases and M olecular W eights Searched For in Study
M odified Base Undam aged Base M olecular
W eight
Derivitized  
M olecular w eigh ts
8-hydroxyadenine Adenine FW 279.5 FW 367.7
4,6-diamino-5- Adenine FW 153.1 FW 369.1
formamidopyrimidine
N6 methyladenine Adenine FW 149.2 FW 355.1
2-hydroxyadenine Adenine FW 151.1 FW 367.7
1-methyladenine Adenine FW 148.2 FW 364.2
2,6-diamino-4-hydroxy-5- Guanine FW 169.1 FW 457.9
formanodopyridimine
7-methylguanine Guanine FW 171.2 FW 387.2
Oxazolone Guanine FW 130.1 FW 420.8
1-hydroxyguanine Guanine FW 167.1 FW 383.8
8-hydroxyguanine Guanine FW 167.1 FW 455.8
5-Formyluracil Thymine FW 140.1 FW 358.7
5-hydroxyhydantoin Thymine FW 115.1 FW 316.1
5-hydroxy-5- Thymine FW 130.1 FW 346.6
methyhydantoin
5-Hydroxy-6-Hydrothymine Thymine FW 144.1 FW 360.7
5-hydroxymethyluracil Thymine FW 142.1 FW 358.7
Uracil Thymine/Cytosine FW 113.1 FW 257.1
Thymineglycol Thymine FW 160.1 FW 448.9
5-OH-6-hydroperoxide Cytosine FW 161.1 FW 449.8
5,6-dihydrocytosine Cytosine FW 143.1 FW 431.8
5-hydroxy-6-hydrouracil Cytosine FW 130.1 FW 346.6
Uracil glycol Cytosine FW 146.0 FW 434.8
Cytosine glycol Cytosine FW 145.1 FW 433.8
5-hydroxy-6-hydrocytosine Cytosine FW 129.1 FW 345.7
5-hydroxy cytosine Cytosine FW 127.1 FW 343.6
5-hydroxymethylcytosine Cytosine FW 141.1 FW 358.6
5,6-dihydrouracil Cytosine FW 114.1 FW 284.6
5-hydroxyuracil Cytosine FW 128.1 FW 344.6
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selected ion monitoring (SIM) mode. The selected ions o f major oxidative products were their 
corresponding base peaks and /or [M-15+] ions in SIM mode. The dwell time for each ion was 
set at 80ms. Output files were analyzed using Varion MS workstation version 6  and the NIST98 
Mass Spectral Database.
2.2 Experimental formation o f Strand breaks
To artificially induce strand nicks without causing other forms o f  damage the enzyme 
DNase was used because o f its ability to remove bases while leaving the 3 ’ and 5 ’ ends o f  DNA 
intact. A series o f concentration gradient solutions was tested over time intervals on DNA 
template to induce damage to the point o f  Taq DNA Polymerase inhibition but not to completely 
degrade the molecule to single base pairs which is its intended commercial purpose.
2.2.1 DNase treatment
The creation o f  SSB was achieved using DNase enzyme with Mg^"  ̂ions which cleaves 
each strand o f  dsDNA independently in a statistically random fashion (Sambrook and Russell 
2001). DNase I, RNase-free was purchased from Fermentas Life Sciences at a concentration o f 
lU /pL . ( lU  is defined as 1 unit o f  the enzyme which completely degrades Ip g  o f plasm id DNA 
in 10 minutes at 37°C). An amount o f Ip g  template DNA was added to 1.5mL centrifuge tubes 
and combined with l.OU, 0.5U or O.IU o f DNase in storage buffer (50mM tris-acetate [pH 7.5], 
lOmM CaCli and 50% [v/v] glycerol). Add Ip L  o f  lOX reaction buffer with M gCL (lOOmM, 
tris-HCl [pH 7.5 at 25°C], 25mM  MgCL, Im M  CaClz). Then ddHgO was added to the centrifuge 
tubes to bring the volume o f the reaction up to 50pL. Reactions are incubated for various tim e 
intervals at 37°C followed by a 10 minute heat inactivation at 65°C. Samples were cooled on ice 
and purified using QIAquick PCR purification columns.
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2.3 Experimental formation of Oxidative damage
Oxidative processes modify DNA and are generated from reactions o f DNA with reactive 
oxygen species. In this study oxidative damage was generated through the addition o f  various 
concentrations o f H 2 O2  to the DNA template until the Taq DNA Polymerase used for all 
amplifications was inhibited. H 2 O2 was chosen because o f  its reliable and well studied induction 
o f  oxidative damage on DNA.
2.2.1 Hydrogen peroxide
DNA template at a mass o f approximately 0.5 pg was added to a 1.5mL microcentrifuge 
tube along with lOpL o f 5% H 2 O 2 and ddH 2 0  to achieve a final volume o f  SOpL. The volum e o f 
ddH 2 0  added is dependent on the initial concentration o f  the PCR template added. The samples 
are vortexed for 15 seconds, quick spin (approximately 30 seconds) and incubated at 37°C for 
interval time periods. The samples are cleaned using QlAquick PCR kit spin columns.
2.4 Experimental formation of hydrolytic damage
Hydrolytic damaged occurs through spontaneous chemical reactions over time in the 
presence o f water, heat, acidic environments or various combinations o f each. Strand breaks, 
abasic sites and deam ination are common damage types accumulated through hydrolytic damage. 
The deamination o f  DNA bases occurs more frequently in pyrimidines than in purines but both 
are equally mutagenic (Mol et al. 1999) In this study a heat treatment combined w ith an acid 
buffer was used to induce hydrolytic damage on DNA within a short experimental time.
2.4.1 Heat/acid buffer
Following the methods o f ,Nakam ura and Swenberg (Nakamura and Swenberg 1999) an 
acid buffer solution was prepared consisting o f  lOmM sodium citrate, lOmM NaH 2 P 0 4 , and
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lOmM NaCl at pH5.0. Template DNA o f approximately 0.5pg o f  DNA is placed in a 1.5mL 
microcentrifuge tube and dried down in concentrator. The DNA was suspended in lOOpL o f the 
acid buffer, vortexed for 30 seconds and quick spin. The samples were incubated at 70°C at a 
mix speed o f 500rpm for various lengths o f time. Once incubation was completed the samples 
were immediately placed on ice to stop the reaction. Once cooled, the samples were then 
purified via ethanol precipitation and suspended in 50pL ddHaO. A temperature /time control 
containing sample and lOOpL o f ddHzO was ran alongside the samples for the maximum 
reaction time to ensure results were from damaging agent and not time or temperature factors. A 
negative control containing only acid buffer was also ran for maximum reaction time.
2.5 Ancient samples.
The previous methods were modified slightly when used on actual ancient degraded 
DNA samples which had been previously attempted to be amplified and failed to produce any 
viable template. This research was conducted at the Paleo-DNA Laboratory at Lakehead 
University, Thunder Bay, Canada. The Paleo-DNA Laboratory is a research facility for the 
extraction, amplification and analysis o f forensic DNA, ancient or degraded DNA.
The Paleo-DNA laboratory is divided in three sections: the pre-PCR area (clean 
laboratory); the amplification area (PCR room); and the post-PCR area. This physical separation 
conforms to all o f  the guidelines for ancient DNA analysis and for a forensic laboratory. There is 
a separate air system for the clean laboratory area with its own ducting, venting and filtering, 
along with an independent vacuum air system removing air from the sample work stations and 
another air system with the air shower entry. There is an exhaust air system with the PCR room 
to remove build-up o f amplified DNA products. The final air system is in the post-PCR area. The 
main clean laboratory is a sealed containment facility with air pressured double-door entry.
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Samples enter the clean laboratory by way o f a UV irradiated wall pass-through. There is 
a pass-through from the sample storage room to the clean laboratory corridor to be used for 
sample entry. Samples are received to the laboratory double bagged and contained in a box. It is 
removed from the box and the outside bag. The inside bag is cleaned with bleach, ethanol and 
then placed into the pass-through. The pass-through is sprayed with water and then UV 
irradiated. UV irradiation is ineffective on dry material. These pass-throughs are uni-directional, 
only one door can be opened at one time. Once the sample is placed into the pass-through it is 
UV irradiated for at least 20 minutes. The sample can then be removed from the pass-through 
from the inside o f the clean laboratory. The bag containing the sample is again washed w ith 
bleach and ethanol before being taken into the sample preparation room. There are also pass­
through between reagent preparation and sample preparation for the passing o f  reagents and 
sterilized consumables for use in the laboratory. Another pass-through exists between samples 
preparation and PCR preparation for the passing o f  the purified DNA extracts. Once the 
experiments are prepared they are placed into another pass-through that allows them  to be moved 
into the PCR room. The strict conditions under which the pass-through operates is critical to 
ensure back-contamination does not occur. The pass-through is decontaminated from the outside 
after each time it has been used with water spray and UV irradiation. Prior to use it is again UV 
irradiated for no less that 20 minutes. The pass through is then cleaned with bleach and ethanol 
from the inside and the experiments are placed into the pass through. There is little chance o f 
back-contamination except from contaminated air as the pass-through doors have a locking 
mechanism that prevents doors on both side being opened simultaneously. It is only the air that 
enters the pass-through from the outside when the experimental samples are removed that
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requires decontamination before opening the pass-through from the inside o f  the clean 
laboratory.
All laboratory personnel who are entering the clean laboratory are fitted with full body 
tyvek suits (primary barrier) that have hoods, enclosed boots and sleeves. A second pair o f  tyvek 
boots are worn over the top o f the tyvek boots attached to the suit to ensure the attached boots do 
not perish and cause a rip in the primary barrier. This second pair o f boots provides a secondary 
barrier. A pair o f  gloves is worn under the tyvek suits (primary barrier). A second set o f  sleeves 
and gloves (secondary barrier) are worn over top o f  the suit and first pair o f  gloves. These 
sleeves can be changed between each sample being prepared but can only be removed and 
changed in the suit-up room outside the clean laboratory. A third pair o f gloves can be worn over 
the top o f the first two pairs (tertiary barrier) and can be changed between the preparation o f  each 
sample or between each procedure in the laboratory. This is to ensure no carry-over 
contamination when preparing reactions and in all functions within the laboratory. Eyewear and 
face masks are also worn to enclose the face (primary barrier). The items o f the primary barrier 
(suits, masks and sleeves) are wiped down w ith bleach and ethanol every use and are changed 
regularly to prevent potential contamination.
In the other areas o f  the laboratory there are designated laboratory coats to be used only 
within that area. So there are separate lab coats for the PCR room and separate coats for the gel 
docum entation room, the general analysis laboratory, the sample storage room and the forensic 
comparisons room. These laboratory coats stay in that designated area to prevent transfer o f  
potential contamination from one location to another. Gloves are worn in all other areas at all 
tim es and in some procedures additional sleeves are worn over the top o f  the lab coats to enable 
their change between procedures to reduce the potential for contamination.
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Once the sample is within the facility it is taken to the sample preparation room where it 
is removed from its packaging (under a negative displacement hood or biosafety cabinet) and 
exposed with UV irradiation for a period o f 12 to 48 hours (being sprayed with water and turned 
over periodically throughout this period). This will UV damage any DNA that might be on the 
external surface o f the sample whether from the handlers o f  the sample (both past and present), 
the soil, the archaeologist, or from other samples within the archaeological record, previous 
storage facility or packaging. It will also destroy a small amount o f  the endogenous DNA 
depending on the length o f  time o f exposure. The sample is cleaned by brushing or washing 
within this irradiation step and re-exposed to the UV. The sample can also be wiped with bleach 
to oxidatively damage any DNA that might be on the external surface o f  the sample. Caution 
must be taken to ensure no bleach residue is left on the sample that may damage the DNA during 
processing. The sample can also be wiped with ethanol. The sample is then prepared for 
extraction and depending on the size o f  the sample it will either be ground up, or biological 
material will be removed from the internal areas o f  the sample. The removal o f  biological 
material from inside the sample is a further step that prevents contamination from any o f the 
handlers if  the UV irradiation has not been successful and further irradiation is not practical (as 
the endogenous DNA would be further damaged on the surface). The material removed from the 
inside o f  the sample can be treated (by a pre-wash, décalcification or demineralization step) or 
ground into a fine powder. Once the prepared sample is ready for extraction the appropriate 
extraction solutions are added and it is left to incubate from 8  hours to overnight. The extract is 
then purified and available for further analysis.
The extraction and purification stages are performed in the designated sample preparation 
room. There is a dedicated biosafety cabinet for sample preparation. There is also a dedicated
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hood for each and every step o f the extraction and purification procedure. Each hood had 
dedicated equipment for that one step only.
In the PCR preparation room there are dedicated hoods for the preparation o f the PCRs. 
No DNA samples or extracts have entered these self-contained work areas. Once the reaction 
mix is made and aliquots are placed in the reaction tubes, the tubes are transferred to another 
hood for the addition o f  the extracted DNA from the samples. No positive control is kept in the 
clean laboratory, as it could become a source o f contamination due to the DNA being more 
intact, robust and in higher concentration.
Once the PCR is prepared, it is passed out o f  the containment laboratory to a PCR room 
through a UV irradiated pass through. Here, the positive control is added if  required. N one o f the 
other tubes are opened w ithin this room before or after the PCR cycling to ensure that this 
potential contamination area is contained; and strict decontamination o f this area is performed 
regularly. Once the PCR is complete, the reaction is moved into one o f the general analysis 
laboratories for gel electrophoresis and analysis.
All work areas are cleaned before and after use. All equipment is cleaned before and after 
each use. The cleaning that is performed before and after use involves bleach washing, ethanol 
washing and UV irradiation. The clean laboratory is cleaned routinely according to the cleaning 
SO P’s o f  the Paleo-DNA Laboratory. All hoods are equipped with UV lighting and irradiated on 
a regular basis; before and after every procedure. The cleaning solutions used include 70% 
ethanol, bleach and Terg-a-zyme™ . All consumables are sterilized before use by autoclaving and 
cross-linking. All re-used items are first soaked in Terg-a-zyme™, followed by bleach then 
rinsed in ethanol. If  they are metal they are sonicated, baked, cross-linked and autoclaved in
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sterile pouches. For plastics they are cross-linked and autoclaved in autoclave paper or sterile 
pouches.
The Paleo-DNA laboratory attempts to maintain a sterile environment. To ensure this the 
work areas are cleaned before and after every use by the analyst. There are also very strict 
standard operating procedures that regulate what type o f  experiment can be scheduled and 
operated. This ensures that while the laboratory is being used for sample preparation all other 
experiments are postponed until the next routine and thorough clean o f that area. There is 
unidirectional flow o f the samples and o f the analysts w ithin the clean laboratory to prevent the 
possibility o f  carry-over contamination being passed by the analyst themselves.
There are many controls that are employed in the analytical process. These begin with an 
extraction procedural control. This is where a tube is placed out throughout the process o f  sample 
preparation. This tube is extracted as if  there was a sample in within it and tested for the presence 
o f DNA. There is also an extraction negative control. This is a negative control containing the 
reagents o f the extraction. This is to ensure that there is not any contamination in the reagents. 
Once the extracted sample is passed into the PCR preparation room there are additional controls. 
These include a PCR reagent negative control to ensure the reagents are not eontaminated. There 
is a PCR procedural control which is a tube that is left open during the preparation o f the PCR 
reaction.
2.5.1 Samples
There are 6  samples that were used to evaluate the efficiency o f  the assessed in vitro 
DNA repair methods on ancient samples. These samples came from three archaeological sites 1) 
Daklah Oasis, Egypt; 2) Copan, Honduras; and 3) Çayônü Tepesi, Turkey. The Daklah Oasis 
samples date to approximately AD300-600, they are recovered from the Kellis 2 cemetery and
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are from naturally mummified human remains (Graver et al. 2000; Lamers et al. 2009). The 
environm ent is in the western desert o f Egypt and extremely dry and arid. The samples from the 
Copan site are dated approximately to between AD400-800 (M atheson et al. 2003). Copan is a 
classical M ayan site in western Honduras. The Çayônü Tepesi sample dates to approximately 
7,500-7,800BC from the “Skull Building” within the site (M atheson and Toy, 2001). All o f  these 
samples have previously been analyzed but the analysis had failed due to DNA damage or 
quantity.
2.5.2 Extraction
The ancient samples required a different extraction procedure than the m odem  DNA 
samples to enhance the recovery o f minute quantities o f DNA. A  1500pL volume o f 0.5M  
EDTA was added per sample, then 20% sarkosyl (75pL per reaction) was added. A 120pL 
volum e o f PK was added to the tubes and they were vortexed briefly and spun down with a quick 
centrifugation. The tubes were then incubated at 56°C for 12 hours.
2.5.3 Purification
2.5.3.1 Silica bead purification
After the incubation was complete a volume o f 3000pL guanidinium thiocyanate 
(GuSCN) solution was added to the sample extract. This was followed by 15pL o f a silica bead 
(Sigma) slurry that was added to the guanidinium /extract solution. The solution was placed in an 
ice bath for 1 hour then centrifuged at 12,000rpm for 5 minutes. The supernatant was removed 
carefully not to disturb the silica bead pellet and discarded. A volume o f lOOOpL o f working 
w ash buffer was added to silica bead pellet. The solution was again centrifuged at 12,000rpm for 
2 minutes and the supernatant removed and discarded. A volume o f 250pL o f 100% ethanol was
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added then centrifuged at 12,000rpm for 2 minutes. The supernatant was again removed and 
discarded while the pellet was allowed to air dry at room temperature (18°C). A volume o f  
lOOpL o f ddHiO was added to elute the DNA for further purification.
2.S.3.2 Size exclusion chromatography purification protocol
The P-30 Micro Bio-Spin size exclusion chromatography columns purification system 
was used following the extraction and purification to remove any possible excess inhibition that 
may have co extracted and purified especially heavy metals and humic acids often found in 
ancient materials.
Invert the column sharply several times to resuspend the settled gel and remove any 
bubbles, next snap o ff the tip and place the column in a 2.0mL microcentrifuge tube and 
centrifuge at 4500rpms for 1.5 minutes, discard the collection tube with packing buffer, add 50pL 
o f sample to top o f  column and centrifuge for 4500rpm for 4 minutes, discard the column and 
keep the tube.
2.5.4 Amplification
2.5.4.1 M itochondrial DNA amplification
The conditions o f the PCR were different for the ancient samples. These PCRs were 
conducted in 25pL reaction volumes with final concentrations o f  200pM  dNTPs, 0.2pM  o f  each 
primer, 2.0mM MgCl%, IX  PCR buffer minus M g and lU  Platinum Taq DNA Polymerase 
(Invitrogen). The remaining volume was completed with ddHzO and DNA template. The cycling 
parameters included an initial dénaturation at 94°C for 2 minutes followed by 50 cycles of 94°C for 
30 seconds, 60°C for 1 minute and 72°C for 2 minutes. On completion the reaction was placed at 4°C on 
hold.
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2.5 4.2 PreCR^^ on Daklah Oasis samples with sm aller amplicon
The PreCR’̂ ''̂  Repair Mix was retested with primers targeting a smaller am plicon o f 
210bp when the 425bp target region failed to amplify for the Daklah Oasis samples. The Daklah 
Oasis samples were from the original unrepaired extract already tested for DNA amplification. 
Method was rerun in the clean room at the Paleo-DNA Lab Lakehead University with exact 
same contamination protocols as before with the only deviation from before was the substitution 
o f the smaller amplicon primers but were o f the same concentration and were already tested for 
contamination. The PCR conditions and cycling param eters were the same as section 2.5.4.1 
with the only difference being the primers. M itochondrial primers targeting a small section o f  the 
hypervariable region 1 (H V R l) w ithin the mitochondrial control region were used. These were 
m tl6190F (5’- CCC ATG CCT AC A AGC A AG TA -3’) and m tl6420R  (5’- TGA TTT CAC 
GGA GGA TGG TG -3 ’). These primers were chosen because o f  previous studies use o f  this 
prim er region on the ancient samples in this study and could then be used for comparison 
analysis.
2.5 4.3 Sexing amplification o f the Çayônü Tepesi samples
The Çayônü Tepesi sample 9 was tested with amelogenin primers to identify the sex o f 
the remains (Sullivan et al. 1993). If  two bands are present in the target region the result is 
interpreted as male, the Y chromosome has a small deletion in the 6 bps which shows up as two 
bands as a male has an X and a Y chromosome while the female has only the X so would show 
up as only one band in the target region. The Çayônü Tepesi sample 9 underwent same repair 
methods simultaneous to the other samples. The Çayônü Tepesi sample 9 had only different PCR 
concentration and therm ocycler parameters for am plification after repair. These PCRs were 
conducted in 25pL reaction volumes with final concentrations o f  200pM  dNTPs, 0.2pM  o f  each
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primer, 2.0mM M gCli, IX  PCR buffer minus Mg and lU  Platinum Taq DNA Polymerase 
(Invitrogen). The remaining volume was completed with ddHiO and DNA template. The cycling 
parameters included an initial dénaturation at 94°C for 2 minutes followed by 45 cycles of 94°C for 
30 seconds, 60°C for 1 minute and 72°C for 2 minutes. On completion the reaction was placed at 4°C on 
hold.
2.5.4 Gel electrophoresis
Following amplification, PCR products were analyzed using 6 % polyacrylamide gel 
electrophoresis (PAGE) and a lOObp molecular marker (2.0pL) (Fermentas) for size 
approximation. The samples were loaded with S.OpL o f PCR product and 3.0pL o f 6 X loading 
dye (2.5% xylene cyanol, 2.5% bromophenol blue, 35% ficoll and 544.OpL o f ddFÏ2 0 ) and were 
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Lane 1. lOObp molecular marker; Lane 2. Empty; Lane 3. 20 cycles; Lane 4. 25 cycles; Lane 5. 
30 cycles; Lane 6. 35 cycles; Lane 7. negative control; Lane 8. positive control at 25 cycles.
PCR was optimized for 50pL reactions with 25 PCR cycles (Figure 4). Twenty five 
cycles were used as the star.dard for the rest o f  the project for both the dam.aged and repaired 
template. The least amount o f cycles was used to avoid as much as possible false positives fi-om 
possible contamination except in the ancient samples due to the tiny fragments and minute 
quantities present o f  highly degraded D NA  where 50 cycles were used have the highest chance 
o f success.
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Smears generated by digestion o f  an SOObp PCR product. Lane 1. 1 OObp molecular ladder. Lanes 
2 to 6 shows the DNase digested DNA after PCR at lU  concentration over 15 seconds for lane 2, 
30 seconds for lane 3, 1 minute for lane 4, 2 minutes for lane 5 and 5 minutes for lane 6. Lane 7 
is empty. Lanes 8 to 10 contain digested D NA  with DNase concentration o f  0.5U. Lane 8 shows 
15 seconds time exposure. Lane 9 30 seconds exposure and lane 10 at 1 minute exposure.
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Lane 1. lOObp ladder; Lanes 2. and 3. the DNase digested DNA after PCR at 0.5U over 2 
minutes and 5 minutes. Lanes 4 to 8 shows DNase digested DNA after PCR at 0.1 U over time 
intervals. Lane 4. 15 seconds; lane 5. 30 seconds; Lane 6. 1 minute, Lane 7. 2 minutes Lane 8. 5 
minutes.
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3.2.2 Repair o f DNase strand break damage 
Table 6. Strand Break Repair amplification results
DNAse damaged template concentration  
and exposure time
T4 DNA  
Ligase
Klenow T4 DNA  
Polymerase
PreCR™
15 seconds at 1 U negative negative negative Negative
30 seconds at 1 U negative negative negative Negative
1 minute at 1 U positive negative negative Negative
2 minutes at 1 U negative negative negative Negative
5 minutes at 1 U positive negative negative Negative
15 seconds at 0.5 U positive negative negative N egative
30 seconds at 0.5 U positive negative negative Negative
1 minute at 0.5 U negative negative negative Negative
2 minutes at 0.5 U positive negative negative Negative
5 minutes at 0.5 U positive negative negative N egative
t  6  -
40
1 A n
F igure  7. R epaired  D N ase dam aged  tem plate  w ith  T4 DNA Ligase a t O.SU DNase.
Lane 1. 100 bp ladder; Lanes 2 to 6  contain the repaired DNA damaged w ith the 0.5U o f DNase 
over time intervals Lane 2. 15 seconds; Lane 3. 30 seconds; Lane 4. 1 minute; Lane 5. 2 minutes; 
Lane 6 . 5 minutes; Lane 7. PCR negative.
Optim ization o f the conditions for the experimental degradation o f DNA using DNase to 
generate DNA fragmentation identified the optimal digestion time (Figure 5 and 6 ). The DNA 
ligase treatment was able repair the DNA to generate an amplifiable product which is shown by 
the bands at slightly above the 400bp molecular marker which corresponds to the 425bp primers
used (Figure 7). There was failure in lane 4 which was the middle treatment time with the
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DNAse while the higher damaged template and lower damaged template both had successful 
amplifiable products after repair treatment when only smears were visible as shown in Figure 5- 
lanes 2 to 6 . There was also smearing from the 300bp to 5OObp in lanes 2, 3, 5, 6  in figure 6 . 
showing significant unspecific product. The size o f the amplicon had to be reduced from 800bp 
to 425bp in order to recover bands in gel after excessive fragmentation induced through the 
DNAse digestion.
Figure 8. Repaired DNase damaged template withT4 DNA Ligase at 1.0 U o f DNase.
Lane 1. lOObp ladder; Lane 2. empty; Lanes 3 to 7 damaged DNA template repaired. Lane 3 .15  
seconds; Lane 4. 30 seconds; Lane 5. 1 minute; Lane 6 . 2 minutes; Lane 7. 5 minutes. Lane
9.negative Contol. Lane 10 Positive Undamaged Control.
Successful am plification o f the DNase treated template at the lU  concentration after T4 
DNA Ligase treatm ent is shown in figure 8 . Lane 4 which is the 30 second exposure and has a 
band slightly above the 4OObp molecular marker which corresponds to the 425bp target 
fragment, lane 5 which is the 2 minute exposure time had a band at approximate 425bp target
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region. Lanes 5 had a faint smearing within the 300 to 500bp region as well as unspecific product 
under the 1 OObp region. Lane 7 which was the 5 minute exposure mark had a small smear o f 
unspecific product under the lOObp m olecular marker region. Not shown are the T4 DNA 
Polymerase and Klenow enzyme treatment on the DNase damaged template results which failed 
to amplify w ithout the addition o f  the T4 DNA Ligase treatment and had far weaker bands than 
the DNA ligase treatm ent alone.
3.3 Oxidative damage and repair
3.3.1 Oxidative DNA damage using hydrogen peroxide treatments 
Table 7. Time treatments and volum es o f experimentally damaged DNA samples
DNA sample exposure times 3%  H 2 O 2 6% H2 O2 10% H 2O2 35%  H 2O2
30 minutes lOpl lOfil lOpl lOfal
1 hour lOpl lOfal lOfal lOfil
2  hours lOpl lOfil lOpl lOfal
4 hours lOpl lOful lOpl lOfal
6  hours lOpl lOpl lOpl lOf.1l
8  hours lOpl lOfal lOpl lOfal
1 0  hours 1 0 f.ll lOpl lOfil lOfal
1 2  hours lOfil lOpl lOfal lOfil
14 hours lOpl lOpl lOpl
16 hours lOfil lOpl lOf.1l
18 hours 1 0 f.ll lOfal lOpl
2 0  hours 1 0 f.ll lOfal lOfal
2 2  hours lOful lOfal lOpl
24 hours 1 0 f.ll lOfil lOfal
26 hours lOpl lOpl
28 hours lOpl lOpl
30 hours lOpl lOpl
32 hours lOpl lOf.1l
36 hours lOfil lOpl
40 hours lOpl lOpl
44 hours lOpl lOf.1l
48 hours lOfal lOfal
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The concentration o f  6% H2O2  was chosen to perform repair reactions on because it was 
able to induce the damage in an appropriate amount o f  time while 10% and 35% caused no 
amplification.
4 OObp
Fngmire 9 .  O x M m Ë v e  d a m a g e  ntmdmicedl m sim g HI2 O 2  Itireatmemlls oveir  d m ® .
Lane 1 Empty. Lane 2 A  2% agarose gel showing amplification o f  DNA after 3% H2O2 
treatments and 6% H2O2  treatments. Lane 10. lOObp molecular ladder; Lanes 8. and 9. are 3% 
and 6% H2 O2  treatments at 15 minute time intervals. Lanes 6. and 7. are 3% and 6% H2O2  
treatments at 1 hour. Lanes 4. and 5. are 3% and 6% H2 O2  treatments at 2 hours. Lanes 2. and 3. 
are 3% and 6% H2O2  treatments at 4 hours.
Failure to successfully amplify came at the 4 hour treatment mark with the 6% 
concentration o f H2O2 (Figure 9) and the 3% treatment caused failure at the 8 hour mark (not 
shown). All lanes showed slight smearing and product below the lOObp molecular marker 
region.
3.3.2 (DmdaHive damage repair misiimg DNA polymerases amd DNA Eigases
additional step o f  ligation with the T4 DNA Ligase demonstrated successful repair 
the damaged DNA from the H2 O2 incubated DNA up to 8 hours (Figure 10). T4 DNA  
Polymerase without T4 DNA Ligase greatly increased the amplification o f the damaged DNA  
template doubling the damage treatment time for successful amplification from 4 hours to 8
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hours. Both the Klenow and T4 DNA Polymerase failed to amplify after the 8  hour H 2 O 2  damage
treatments.
Table 8. Klenow Ligase treatments and T4 DNA Polymerase treatments over tim e intervals
Exposure Klenow and DNA ligase T4 Polymerase and DNA ligase
time amplification result amplification result
30 min Positive Positive
1 hour Positive Positive
2  hours Positive Positive
4 hours Positive Positive
6  hours Positive Positive
8  hours Positive Positive
1 0  hours Negative negative
1 2  hours Negative Negative










M /Zl M/Z2 M/Z3
5,6-dihydroxycytosine 5.313 8.490e+8 7.728e+7 9% 257 416 431
5,6 -d i hydroxy urac il 5.432 5.088e+9 4.436e+7 17% 343 417 432
Uracil 5 .457 2.816C+10 9.510e+7 86%* 147 256 257
4,6-diamino-5- 5.611 8.470e+8 4.261e+7 15% 280 354 369
formamidopyrimidine 
Uracil glycol 5.632 5.04 le+ 9 1.354e+9 44% 245 419 434
cytosine glycol 5.634 2.834e+10 1.158e+9 69% 245 419 434
5-hydroxyhydantoin 16.671 8.887e+7 2.756e+8 36% 310 316
5-hydroxy-5- 16.683 8.007e+8 2.206C+8 47% 331 346
methylhydantoin 
Thymine glycol 16.690 8.007e+8 6.944e+7 13% 433 448
5-hydroxycytosine 19.038 9.974e+7 1.962e+7 63% 328 343
8-hydroxyadenine 19.803 3.009e+9 #74,568 99% 352 367
5 -hydroxymethy 1 urac il 20.843 3.141C+7 3.185e+7 >1% 343 358
2,6-diamino-4-hydroxy-5- 23.311 4.091C+10 6.323e+6 7% 442 457
formamidopyrrimidine
8-hydroxyguanine 23.340 4.847e+10 #112,929 99% 440 442 455
1-hydroxyguanine N /D 4.847e+10 N /D N /D 367 368 383
5-hydroxy urac il N /D 1.190C+9 N /D N /D 325 344 357
* Indicates an increase
# Individual ion count 
N /D ion showed up in
if  under 1 m illion
multiple peaks or could not be detected from background due to low  level
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Figure 10. Klenow - T4 DNA Ligase repaired and T4 DNA Polymerase - T4 DNA Ligase 
repaired on 4 hours and 8 hours o f DNA damage using H2 O2 treatments.
Lane 1. lOObp molecular marker; Lane 2. Klenow 4 hours repaired; Lane 3. Klenow and T4 
DNA Ligase; Lane 4. T4 DNA Polymerase 4 hours repaired; Lane 5. T4 DNA Polymerase and 
T4 DNA Ligase 4 hours repaired; Lane 6 . Empty; Lane 7. Klenow 8  hours repaired; Lane 8 . 
K lenow and T4 DNA Ligase 8  hours; Lane 9. T4 DNA Polymerase 8  hours; Lane 10. T4 DNA 











5,6-dihydroxycytosine 5.317 8.490e+8 7.798e+7 9% 257 416 431
Uracil 5.439 2.816+10 7.133e+7 49%* 147 256 257
5,6-dihydroxyuracil 5.446 5.088e+9 5.837e+7 >1% 343 417 432
cytosine glycol 5.614 2.834e+10 6.614e+8 47%* 245 419 434
4,6-diamino-5-
fbrniEzi:dopyri:r:tidirs
5.619 8.470e+8 9.10e+8 5% 280 354 369
Uracil glycol 5.623 5.04 le+9 1.429e+9 43% 245 419 434
5-hydroxyhydantoin 16.671 8.887e+7 2.81 le + 8 35% 310 316
Thymine glycol N/D 8.007e+8 N/D N/D 433 448
5-hydroxy-5-
methylhydantoin
16.677 9.610e+7 8.007e+8 11%* 331 346
5-hydroxycytosine 19.043 9.974e+7 2.598e+7 59% 328 343
5-hydroxymethyluracil 20.836 3.141e+7 1.369e+7 31% 343 358
2,6-diamino-4-hydroxy-
5-formamidopyrrimidine
23.303 4.091e+10 7.573e+6 26%* 442 457
























* Indicates an increase
# Individual Ion count if  under 1 million
N/D ion showed up in multiple peaks or could not be detected from background due to low level
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The T4 DNA Polymerase - T4 DNA Ligase repair method showed an increase o f  8 6 % in 
uracil the post repair sample to the H 2 O 2 damaged sample (Table 7). Uracil oxidative products 
such as 5,6-dihydroxyuracil and uracil glycol showed a decrease o f 17% and 44% respectively 
while the oxidative uracil product 5-hydroxymethyluracil showed measured virtually no change 
between damaged and repaired samples. The oxidative uracil product 5-hydroxyuracil was not 
detectable in any peaks possibly being removed close to 100% to a level that the GCMS could 
not measure from background noise. 4,6-diamino-5-formamidopyrimidine and 2,6-diamino-4- 
hydroxy-5-formamidopyrimidine are the purine oxidative damage products o f A and G 
commonly called Fapy A and Fapy G. These PCR blocking lesions showed a decrease o f  only 
15% (Fapy A) and 7% (Fapy G) between damaged and repaired samples. The T4 DNA 
Polymerase - T4 DNA Ligase showed a more significant decrease o f 47% and 36% for the 
pyrimidine blocking lesions 5-hydroxyhydantoin (C) and 5-hydroxyhydantoin (G). Two com m on 
G oxidative damage products 8 -hydroxyguanine and 1-hydroxyguanine had a 99% reduction for 
the 8 -hydroxyguanine while the 1 -hydroxyguanine was undetectable from the base line 
background noise in the repaired sample.
3.3,3 Oxidative damage repair using Glycosylases, DNA polymerases and DNA ligases
Klenow - T4 DNA Ligase repaired has a substantial reduction in the uracil oxidative 
products o f 5-hydroxymethyluracil o f  31% and uracil glycol o f 43%. Uracil content increased 
49%  in the repaired sample versus the damaged sample and the oxidative uracil product 5,6- 
dihdroxyuracil had virtually no change with under a 1 % difference between treated and dam aged 
(Table 9). The 5-hydroxyuracil was not able to be detected with a certainty in any o f the peaks 
either because ion count was to low or not present. The purine blocking lesions Fapy A and Fapy 
G had a slight decrease o f  5% decrease in Fapy A and an increase o f  26% for Fapy G in treated
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versus damaged. The hydantoins the pyrimidine blocking lesions 5-hydroxyhydantoin had a 
significant 35% decrease in treated versus damaged while 5-hydroxy-5-methlyhydantoin had an 
increase o f 11% in treated versus damaged. The major oxidative damage products 8 - 
hydroxyguanine, 1-hydroxyguanine, 8 -hydroxyadenine, 5 hydroxycytosine all had major 
decreases in detectable products in the repaired versus damaged with the hydroxyguanines and 
hydroxyadenines being almost completely absent from the treated in comparison to the damaged 
sample. The 5-hydroxycytosine had 5the lowest decrease o f 59% o f the hydroxy oxidative 
damage products but was still very significant.
Table 11. Repair M ethods relative increases
Repair M ethod % increase in time recovery
Klenow 0%
T4 DNA Polymerase 0%
Klenow with DNA ligase 1 0 0 %
T4 Polymerase w ith DNA ligase 100%
Endo IV with Klenow and DNA ligase 350%
Endo IV with T4 DNA Polymerase and DNA ligase 400%
Phi 29 450%
PreCRTM 650%
Table 12. Results for amplification o f Endo IV added to Klenow - DNA Ligase method and 
T4 DNA polymerase ligase method_______________________________________________________
Exposure
time
Endo IV added to Klenow - DNA Endo IV added toT4 DNA Polymerase -
30 min Positive Positive
1 hour Positive Positive
2  hours Positive Positive
4 hours Positive Positive
6  hours Positive Positive
8  hours Positive Positive
1 0  hours Positive Positive
1 2  hours Positive Positive
14 hours Positive Positive
16 hours Negative Positive
18 hours Negative Negative




Figure 11. Endo IV - Klenow - T4 DNA Polymerase - T4 DNA Ligase repair treatments 
H 2 O2 damage 30 minutes to 4 hours.
Lane 1. lOObp molecular marker; Lane 2. Endo IV-Klenow-T4 DNA Ligase repair treatment 
(E/K/L) 30 minutes; Lane 3. Endo IV-T4 DNA Polymerase-T4 DNA Ligase repair treatment 
(E/T4/L) 30 minutes; Lane 4. E/K/L repair treatment 1 hour; Lane 5. E/T4/L repair treatm ent 1 
hour; Lane 6 . E/K/L repair treatment 2 hours; Lane 7. E/T4/L repair treatment 2 hours; Lane 8 . 




Figure 12. Endo IV - Klenow - T4 DNA Polymerase - T4 DNA Ligase repair treatm ent 
H 2O 2 damage 8 hours to 16 hours
Lane 1. lOObp molecular marker; Lane 2. Endo IV-Klenow-T4 DNA Ligase (E/K/L) repair 
treatment 8  hours; Lane 3. Endo IV-T4 DNA Polymerase-T4 DNA Ligase (E/T4/L) repair 
treatment 8  hours; Lane 4. E/K/L repair treatment 12 hours; Lane 5. E/T4/L repair treatm ent 12 
hours; Lane 6 . E/K/L repair treatment 16 hours; Lane 7. E/T4/L repair treatment 16 hours. Lane 
8 empty. Lane 9 positive control. Lane 10 negative control
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Pretreatment with the glycosylase Endo IV increased the repair o f H 2 O2  dam aged DNA 
template repair methods significantly (Figure 11 and 12). With the additional enzymatic 
pretreatment the time period for recoverable H 2 O2  damage DNA template was increased from 4 
hours initially to 16 hours. The addition o f the Endo IV pretreatment doubled the recovery time 
from 8  to 16 hours for the Klenow - T4 DNA Ligase repair method and the T4 DNA Polymerase 
- T4 DNA Ligase method. The T4 DNA Polymerase had slightly less unspecific product in its 
time intervals.












5,6-dihydroxycytosine 5.437 8.490e+8 2.080e+8 56% 257 416 431
Uracil 5.552 2816e+10 7.617e+7 57%* 241 255 256
Uracil glycol 5.558 5.04 le+9 5.548e+7 3% 245 419 434
5,6-dihydroxyuracil 5.561 5.088e+9 7.163e+7 16%* 343 417 432
cytosine glycol 5.561 2.834e+10 7.163e+7 50%* 245 419 434
4,6-diamino-5-
formamidopyrimidine
5.727 8.470e+8 8.530e+8 >1% 280 354 369
5-
hydroxymethyluracil
10.461 3.141e+7 1.991e+7 20% 343 358
5-hydroxyuracil 10.461 1.190e+9 1.991e+7 >1% 325 344 357
5-hydroxycytosine 12.719 9.974e+7 1.760e+7 65% 269 328 343




23.422 4.091e+10 2.573e+7 33% 442 457
Thymine glycol N/D 8007e+8 N/D N/D 433 448
8-hydroxyadenine N/D 3.009e+9 N/D N/D 352 367
8-hydroxyguanine N/D 4.847e+10 N/D N/D 440 442 455
1-hydroxyguanine N/D 4.847e+10 N/D N/D 367 383
5-hydroxy-5-
inethylhydantoin
N/D 8.007e+8 N/D N/D 331 346
* Indicates an increase
# Individual Ion count if  under I m illion
N/D ion showed up in multiple peaks or could not be detected from background due to low level
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The three step repair treatment Endo IV - T4 DNA Polymerase - T4 DNA Ligase (Table 
4) has a repair o f uracil oxidative product 5-hydroxymethyluracil o f  20% but an increase o f 
uracil by 57% and 5,6-dihydroxyuracil by 16%. Other uracil products such as uracil glycol and 
5-hydroxyuracil had no significant difference between treated and damaged samples showing 
only a 3% and less than 1% difference. 5,6 -dihydroxyuracil and cytosine glycol both had 
retention times o f 5.561 minutes but both ion profiles were present in the peak but the percentage 
o f  the peak each product contained was unknown.
The purine blocking lesion Fapy A showed no significant difference between treated 
versus damaged but the Frapy G lesion had a 33% reduction in treated versus damaged. The 
pyrimidine blocking lesion 5-hydroxyhydantoin had a slight decrease o f  16% between treated 
versus damaged but the pyrim idine blocking lesion 5-hydroxy-5-methlyhydantoin ion was 
undetectable from background ions in the treated versus damaged. The hydroxy oxidative 
products 8 -hydroxyguanine, 1 -hydroxyguanine, 8 -hydroxyadenine were had ion counts 
undetectable in treated versus damaged. While the hydroxy product 5-hydroxycytosine had a 
significant reduction o f 65% between treated versus damaged. 5-hydroxymethyluracil and 5- 
hydroxyuracil both were found in the peak at retention time 10.461 minutes but both ion profiles 
were clearly present and able to be identified.
3.3.4 Oxidative damage repair using the FreCR'*’’̂  repair treatment
The PreCR™  repair enzyme mix was able to recover an amplifiable profile up to the 26 
hours o f  H 2 O2 damage m ark but failed for subsequent intervals after 26 hours (Figure 13). There 
is a decreasing amount o f amplified product in the target region as the damage treatments 
increased and the 2 2  hours treatment had only unspecific product and none in the target region.
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Table 14. PreCR^'^ amplification results versus exposure times
Exposure time PreCR^^ amplification result
30 min Positive
1 hour Positive
2  hours Positive
4 hours Positive
6  hours Positive
8  hours Positive
1 0  hours Positive




2 0  hours Positive







Figure 13. DNA damage using H2 O2 and repaired with PreCR^"^ between 16 hours to 26 
hours treatments
Lane 1. lOObp molecular marker; Lane 2. repaired 16 hours treatment; Lane 3. repaired 18 hours 
treatment; Lane 4. repaired 20 hours treatment; Lane 5. repaired 22 hours treatment; Lane 6 . 
repaired 24 hours treatment; Lane 7. repaired 26 hours treatment. Lane 8  empty. Lane 9 positive 
control. Lane 10 negative control
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This was relatively the same amount o f unspecific product present in all lanes shown by slight 
smearing and a wide band under the lOObp molecular marker in all lanes.










5,6-dihydroxycytosine 5.587 8.490e+8 6 .6 6 6 e+ 8 16% 257 416 431
4,6-diainino-5-
formamidopyrimidine
8.168 8.469e+8 l.OlOe+7 59% 280 354 369
Uracil 9.069 2.816e+10 1.829e+9 21% 147 255 256
5,6-dihydroxyuracil 9.753 5.088e+9 6.236e+9 13%* 343 417 432
Uracil glycol 9.76 5.04 le+9 3.960e+9 13% 245 419 434
cytosine glycol 9.819 2.834e+10 4.289e+9 17%* 245 419 434
5-hydroxyhydantoin 13.159 8.887e+7 2.002e+9 40% 310 316 331
Thymine glycol 13.565 8.007e+8 4.200e+7 38% 259 433 448
5-hydroxycytosine N/D 8.469e+8 N/D N/D 241 255 256
5-hydroxyuracil 14.496 1.190e+9 #55 326 99% 325 344 359
5-hydroxy-5-
methylhydantoin
15.770 8.007e+8 #816 2 1 0 99% 331 346
8-hydroxyguanine 19.290 4.847e+10 1.138e+10 56% 440 442 455
1-hydroxyguanine 19.290 4.847e+10 1.138e+10 56% 367 368 383
8-hydroxyadenine 19.796 3.009e+9 #260 000 99% 352 367
5-hydroxymethyluracil 20.947 3.141e+7 2.40 le+8 7% 343 358
2,6-diamino-4-hydroxy-
5-formamidopyrrimidine
23.354 4.091e+10 1.526e+7 47% 442 457
* Indicates an increase
# Individual ion count if  under 1 million
N/D ion showed up in multiple peaks or could not be detected from background due to low level
The PreCR’̂ '  ̂repaired template shows that for uracil and its oxidative products there was 
a decrease in all except 5,6-dihydroxyuracil that had a 13% increase (Table 15). Uracil, uracil 
glycol, 5-hydroxymethlyuracil all had slight reductions with 21%, 13%, and 7% respectively in 
products between treated vs. damaged the purine blocking lesions Fapy A and Fapy G both had 
significant reduction (Table 15). Fapy A had a 59% reduction in product from treated versus 
damaged while Fapy G had a 47% reduction from treated versus damaged (Table 15). The 
pyrimidine blocking lesions also had significant reductions with 5 -hydroxyhydantoin having a
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40% reduction and 5 -hydroxy-5 -methlyhydantoin being virtually eliminated from the treated 
versus repaired sample with a change o f  over 99%. The hydroxy products 1 -hydroxyguanine and 
8 -hydroxyguanine both showed up in the peak at 19.290 with clear ion profiles but both had the 
exact reduction in ion between treated and damaged with a reduction o f 56% (Table 15). 8 - 
hydroxyadenine was virtually absent from the treated sample compared to the damaged with 
over 99% reduction in ions. The C oxidative product 5-hydroxycytosine ion was at such low 
levels that it could not be detected from the background noise.
3.3.5 Oxidative damage repair using Phi 29 repair treatment
The Phi 29 was able increase the recovery time for the experimentally H 2 O 2 damaged 
DNA template by four times (Figure 14). The bands were very faint and in all lanes with the
Tahle 16. Phi 29 amplification results vs treatm ent times
Exposure time Phi 29 amplification result
30 min Positive
1 hour Positive
2  hours Positive
4 hours Positive
6  hours Positive
8  hours Positive
1 0  hours Positive




2 0  hours Negative
2 2  hours Negative
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Figure 14. DNA dam aged using H 2O2 and repaired with Phi 29 between 8 to 20 hours .
Lane 1. lOObp m olecular marker; Lane 2. Empty; Lane 3. 8  hours; Lane 4. 10 hours; Lane 5 .12 
hours; Lane 6 . 14 hours; Lane 7. 16 hours; Lane 8 . 18 hours; Lane 9. 20 hours. Lane 10 positive 
control. Lane 11 negative control.
m ost prominent being the 14 hours interval but it ju st slightly more than the others. The phi 29, 
the Endo IV - T4 DNA Polymerase - T4 DNA Ligase, Endo IV - Klenow - T4 DNA Ligase, T4 
DNA Polymerase - T4 DNA  Ligase, Klenow - T4 DNA Ligase all had a fourfold increase but the 
Endo IV- T4 DNA Polymerase - T4 DNA Ligase and the T4 DNA Polymerase - T4 DNA Ligase 
methods had the strongest bands. The three stage Endo IV - T4 DNA Polymerase - T4 DNA 
Ligase had the least am ount o f unspecific product in the lanes but still contained primer 
dimerization, small unspecific products and slight smearing.
3.4 Heat / acid damage and repair
3.4.1 Hydrolytic dam age induced to DNA sample template
The increasing damage treatm ent on PCR amplification showed band intensity decreases 
as tim e treatment increases with total failure past the 8  hours mark (Figure 15). Unspecific 
product increases as treatm ent time increases then also disappears after the eight hour mark. 
There is a substantial reduction in band intensity after the 1 hour treatment time.
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Table 17. DNA sample exposure times to Acid Buffer
DNA sample exposure time Acid buffer Am plifîcation result
15 min lOpl Positive
30 min lOpl Positive
1 hour lOpl Positive
2  hours lOpl Positive
4 hours 1 0 f.ll Positive
6  hours 1 0 f.ll Positive
8  hours lOfil Positive
1 0  hours lOfal Negative
1 2  hours lOfil Negative
14 hours 1 0 f.ll Negative
16 hours lOfil Negative
18 hours lOfal Negative
2 0  hours lOfal Negative
2 2  hours lOfal Negative
24 hours lOful Negative
26 hours lOfal Negative
28 hours lOfal Negative
30 hours lOfal Negative
32 hours 1 0 f.ll Negative
400bp
lOObp
Figure 15. Heat/acid Damage from 15 minutes to 8 hours treatments
Lane 1. lOObp molecular marker; Lane 2. H/A treatment 15 minutes; Lane 3. H/A treatm ent 30 
minutes; Lane 4. H/A treatment 1 hour; Lane 5. H/A treatment 2 hours; Lane 6 . H/A treatm ent 4 
hours; Lane 7. H/A treatment 6  hours; Lane 8 . H/A treatment 8  hours.
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3.4.2 Hydrolytic damage repair using DNA polymerases and DNA ligases
Table 18. Klenow - DNA Ligase treatment and T4 DNA Polymerase treatment versus
Exposure
time
Klenow - DNA Ligase 
amplifîcation result
T4 Polymerase - DNA Ligase 
amplifîcation result
15 min Positive Positive
30 min Positive Positive
1 hour Positive Positive
2  hours Positive Positive
4 hours Positive Positive
6  hours Positive Positive
8  hours Positive Positive
1 0  hours Positive Positive
1 2  hours Positive Positive
14 hours Positive Positive
16 hours Negative Positive
18 hours Negative Negative
2 0  hours Negative Negative
2
lOObp
Figure 16. Klenow - T4 DNA Polymerase - T4 DNA Ligase repaired between 15 minutes to 
2 hours
Lane 1. lOObp m olecular marker; Lane 2. Empty; Lane 3. Klenow and T4 DNA Ligase 15 
minutes; Lane 4. T4 DNA Polymerase and T4 DNA Ligase 15 minutes; Lane 5. K lenow and T4 
DNA Ligase 30 minutes; Lane 6 . T4 DNA Polymerase and T4 DNA Ligase 30 minutes; Lane 7. 
Klenow and T4 DNA Ligase 1 hour; Lane 8 . T4 DNA Polymerase and T4 DNA Ligase 1 hour; 




Figure 17. Klenow - T4 DNA Ligase - T4 DNA Polymerase repaired hydrolytic dam age 
treated between 4 to l6  hours
Lane 1. lOObp molecular marker; Lane 2. Empty; Lane 3. Klenow and T4 DNA Ligase 4 hours; 
Lane 4. T4 DNA Polymerase and T4 DNA Ligase 4 hours; Lane 5. Klenow and T4 DNA Ligase 
8  hours; Lane 6 . T4 DNA Polymerase and T4 DNA Ligase 8  hours; Lane 7. Klenow and T4 
DNA Ligase 12 hours; Lane 8 . T4 DNA Polymerase and T4 DNA Ligase 12 hours; Lane 9. 
Klenow and T4 DNA Ligase 16 hours; Lane 10. T4 DNA Polymerase and T4 DNA Ligase 16 
hours. Lane 11 positive control. Lane 12 negative control.
The Klenow - T4 DNA Ligase treatment was able to increase the recovery time from 8  
hours to 14 hours before the PCR failed on heat/acid damaged DNA template (Figure 16 and 17). 
T4 DNA Polymerase - T4 DNA Ligase treatment was slightly better with a doubling o f recovery
time to 16 hours in comparison to untreated heat/acid damaged DNA template. The Klenow 
lanes contained very bright bands located just under the lOObp molecular marker region which 
increased in intensity w ith an increase in damage time intervals. The T4 DNA Polymerase lanes 
had more smearing throughout the lanes but much less intense bands under the 1 OObp m olecular
m arker regions.
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3.4.3 Hydrolytic damage repair using glycosylases, DNA polymerases and DNA ligases
Table 19. Endo IV added to Klenow Ligase method and T4 DNA Polymerae method  
amplification results versus treatment times
Exposure
time
Fndo IV added to Klenow - DNA  
Ligase amplifîcation result
Fndo IV added toT4 Polymerase - 
DNA Ligase amplification result
30 min Positive Positive
1 hour Positive Positive
2  hours Positive Positive
4 hours Positive Positive
6  hours Positive Positive
8  hours Positive Positive
1 0  hours Positive Positive
1 2  hours Positive Positive
14 hours Positive Positive
16 hours Negative Positive
18 hours Negative Negative




Figure 18. Fndo IV -Klenow -T4 DNA Polym erase - T4 DNA Ligase repair treatm ent of 
hydrolytic damage treated between 4 to 16 hours.
Lane 1. lOObp molecular marker; Lane 2. Endo IV-T4 DNA Polymerase-T4 DNA Ligase 
(E/T4/L) repair treatment at 4 hours; Lane 3. Endo IV-Klenow-T4 DNA Ligase (E/K/L) repair 
treatment at 4 hours; Lane 4. E/T4/L repair treatment at 8  hours; Lane 5. E/K/L repair treatment 
at 8  hours; Lane 6 . E/T4/L repair treatment at 12 hours; Lane 7. E/K/L repair treatment at 12 
hours; Lane 8 . E/T4/L repair treatment 16 hours; Lane 9. E/K/L repair treatment at 16 hours. 
Lane 10 empty. Lane 11 positive control. Lane 12 negative control.
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The additional step using the glycosylase Endo IV has not extended the ability to am plify 
damaged DNA template from increased treatment times but has increased the band intensity and 
decreased the unspecific product and smearing (Figure 18). The T4 DNA Polymerase has less 
unspeeific product in its lanes relative to the Klenow samples with less smearing and bands 
under the lOObp molecular ladder. Band intensity decreases over time treatments but has doubled 
the time to 16hrs from the unrepaired heat/acid damaged template. The T4 DNA Polymerase has 
brighter sharper bands over all time intervals relative to the Klenow samples.
3.4.4 Hydrolytic damage repair using the PreCR^^ repair kit 
Table 20. PreCR'^'^ amplification results vs treatment times
Exposure time PreCR^^ amplification result
30 min Positive
1 hour Positive
2  hours Positive
4 hours Positive
6  hours Positive
8  hours Positive
1 0  hours Positive




2 0  hours Negative
2 2  hours Negative
78
M M  2 3 4 5 6  7 S 9
4
Figure 19. PreCR^''^ Enzyme Repair M ix used on heat/acid hydrolytic damage treated 
samples between 8 to 22 hours
Lane 1. lOObp molecular marker; Lane 2. PreCR™  repair treatment 8  hours; Lane 3. PreCR™  
repair treatments 10 hours; Lane 4. PreCR'*’’̂  repair treatment 12 hours; Lane 5. PreCR™  repair 
treatment 14 hours; Lane 6 . PreCR^^^ treatment 16 hours; Lane 7. treatment 18 hours; Lanes 8  
negative control. Lane 9 positive control.
The PreCR™  repair mix time treatment for recovery o f  amplified product with a faint 
band at the 18 hours m ark (Figure 19). The lanes were free o f unspecific product either smearing 
or bands under the lOObp mark seen in the unrepaired heat/acid damaged DNA template. The 
PreCR'^’̂  mix increased the amplification and recovery time versus untreated damaged product 
from  8  hours m axim um  to 18 hours but the 18 hours time interval band is very weak. There was 
approximately a doubling o f time for damaged treatment from damaged unrepaired to damage 
PreCR™  treated template viability. The bands are o f less intensity than the three step Endo IV - 
T4 DNA Polymerase - T4 DNA Ligase but have the two methods have approximately the same 
recovery time intervals for the heat/acid damaged template.
3.4.5 Hydrolytic damage repair using Phi 29
Phi 29 treatm ent on the heat acid damaged template was the highest with a threefold 
increase in recovered viable template over the longest damage intervals (Figure 20). A band was
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clearly visible in the 24 hours exposure time shown in lane 5 but there was a rapid decline in 
band intensity from the 20 hours damaged template in lane 3 to the last visible band in lane 5. 
Unspecific product began to accumulate as the damage time intervals increased.



















Figure 20. Heat/acid hydrolytic damage treated DNA between 16 to 24 hours repair using 
Phi 29
MM. lOObp molecular marker; Lane 1.16 hours treatment; Lane 2. 18 hours treatment; Lane 3. 
20 hours treatment; Lane 4. 22 hours treatment; Lane 5. 24 hours treatment; Lane 6. PCR 
positive control; Lane 7. PCR negative, undamaged, unrepaired template
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3.5 Ancient samples
M olecular m arker with a maximum upper range o f 3 OObp was mistakenly run alongside 
the samples when the target amplicon o f  425bp was outside the range. Due to the nature o f  the 
samples they were not able be run again with the appropriate molecular marker. The results were 
not deemed to be effected by this factor. The PreCR'*’'  ̂negative (lane 2) and the extraction 
negative (lane 3) both had no bands in the target region but a small band o f  unspecific product 
was observed in the PCR negative. Lane 3 to lane 7 are the unrepaired samples. In lane 3 the 
DKT380 sample had a small band significantly lower than the target
14 13 11 11 10 9 S 6 5 4 1 M M
300bp
Figure 21. Unrepaired Ancient Samples and PreCR^^ treated Daklah Oasis samples.
M M - Ultra Low Range DNA Ladder; Lane 1. PCR Negative; Lane 2. Extraction Negative; Lane 
3. DKT380; Lane 4. DKT388; Lane 5. DKT 426; Lane 6. C0P26; Lane 7. COP30; Lane 8. 
PreCR'^'^ Neg; Lane 9. PreCR^"^ treated DKT380(1); Lane 10. PreCR^'^ treated DKT380(2); 
Lane 11. P reC R ™  treated DKT388(1); Lane 12. PreCR™  treated DKT388(2); Lane 13.
PreCRTM treated DKT 426(1); Lane 14. PreCRTM treated DKT426(2).
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region indicating some amplification but fragmentation or damage was believed to be inhibiting. 
Another smaller band was observed lane 4 the DKT388 sample around the lOObp molecular 
marker which also indicating unspecific product much smaller than the 425bp amplicon targeted. 
The COP26 and COP30 samples in lanes 6 and 7 had no visible signs o f  amplification. The 
PreCR’̂ '  ̂treated DKT380 sample and the DKT388 sample in lanes 9 to 12 had several smaller 
bands around the 100 to M M  and some light smearing well under the 425bp amplicon targeted. 
The DKT426 in lane 13 and 14 had no visible signs o f  amplification.
1 MM 3 4 5 6 7 S 9 10 11 12 13 14 15
3 OObp
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Figure 22. PreCR^'^ treated Copan samples and Phi 29 treated Ancient samples
Lane 1. PreCR'’'^  treated C O P26(l); MM- Ultra Low Range DNA Ladder; Lane 3. PreCR™  
treated COP26(2); Lane 4. PreCR™  treated COP30(1); Lane 5. PreCR™  treated COP30(2); 
Lane 6. Phi 29 Negative Control; Lane 7. Phi 29 treated DKT380(1); Lane 8. Phi 29 treated 
DKT380(2); Lane 9. Phi 29 treated DKT388(1); Lane 10. Phi 29 treated DKT388(2); Lane 11. 
Phi 29 treated DKT 426(1); Lane 12. Phi 29 treated DKT 426(2); Lane 13. Phi 29 treated 
C0P26(1); Lane 14. Phi 29 treated C0P26(2); Lane 15. Phi 29 treated COP30(1).
The Copan samples results for the PreCR^"^ treated samples in lanes 1, 3, 4 and 5 all had 
no amplification indicating no repair (Figure 22). Lane 6 had the Phi 29 negative PCR control
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which had no amplification indicating reagent purity. Lanes 7 to 12 showed the Daklah Oasis 
samples treated with Phi 29 had no amplification indicating no repair. The Phi treated C O P26(l) 
did have a visible band but it was far below the target region indicating unspecific product. The 
second replicate COP26(2) in lane 14 had an extremely thick bright band in the target region 
indicating a very successful repair. Lane 15 also indicated a successful repair had taken place 
which was the Phi 29 treated COP30(1) showing the bright thick band in the target region.
1 2  \ i \ I  4 5 6 9 10 11 14 13 14 15
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Figmre 23. FEE 29 fireailed Copam sam ples amdl T4 DNA Folymeirase - T4 DNA Ligase
Lane 1. Phi 29 treated COP30(2); Lane 2. T4 Negative; MM Ultra Low Range DNA Ladder; 
Lane 4. T4 treated DKT380(1); Lane 5. T4 treated DKT380(2); Lane 6. T4 treated DKT388(1); 
Lane 7. T4 treated DKT388(2); Lane 8. T4 treated DK.T426(1); Lane 9. T4 treated DKT 426(2); 
Lane 10. T4 treated C0P26(1); Lane 11. T4 treated C0P26(2); Lane 12. T4 COP30(1); Lane 13 
T4 treated COP30(2); Lanes 14. and 15. Positive Controls.
Lane one shows the successful repair o f  the second replicate o f  COP30 (Figure 23). The 
band is extremely bright indicating a large amount o f  DNA present with no unspecific products 
or smearing visible in the lane. Lane 2 shows the negative PCR for the T4 DNA polymerase for 
reagent purity which is confirmed by no visible amplified product. Lanes 4 and 5 are the
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replicates o f  DKT 380 treated with the T4 DNA Polymerase method and have visible bands well 
under the target region but are o f intermediate brightness indicating partial recovery. No repair 
was visible on treated DKT 388 in either replicate using T4 DNA Polymerase method. Lane 8 
containing the T4 DNA Polymerase treated DKT426 replicate 1 did have a small weak band in 
the approxim ate area as the DKT 380 samples but replicate two had no visible products. The 
COP26 replicate 1 (lane 11) and the COP30 replicate 2 that were treated with the T4 DNA 
Polymerase method both had bright strong bands in the target region with no unspecific product 
visible indicating successful repair. The bands from the T4 DNA Polymerase method although o f 
high quality were slightly less intensity than the Phi 29 treated Copan samples.
Figure 24. Daklah Oasis untreated samples PCR with primers 16 I90F and I6420R
Lane 1. Empty; Lane 2. DKT426; Lane 3. Extraction NEG; Lane 4. DKT380; Lane 5. DKT388; 
Lane 6.; M M  lOObp molecular marker; Lane 7. Positive Control.
Following the unsuccessful attempt to recover a viable amplicon from the DK i samples 
severe fragmentation was suspected so new primers were used to amplify a smaller amplicon. 
Lane 3 was the extraction negative which tested positive for DNA for the smaller am plicon
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(Figure 24) but was negative in the previous PCRs with the 425bp amplicon. The DKT sample 
380 also had some smearing but had no specific band or bands within the smear. The other 
samples tested negative for viable DNA using the standard Taq DNA Polymerase amplification 
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Figure 25. PreCR™  treated Daklah Oasis samples with Primers 16190F and 16420R
M M  Ultra Low Range DNA Ladder; Lane 1. PCR NEG; Lane 2. PreCR™  NEG; Lane 3. 
Extraction NEG; L ane4 . DKT380(li); L ane5 . DKT380(2); L ane6 . DKT388(1); Lane 7. 
DK.T3§§(2); L ane8 . DKT426(1); Lane 9 .0 X 7 4 2 6 (2 ); Lane 10. Positive Control.
After the PreCR'^’̂  repair treatment to the Daklah Oasis samples all three samples tested
positive showing strong bands in the target region free o f  any smearing or unspecific product
(Figure 25). The Extraction Negative which had tested positive in the unrepaired/untreated
Daklah Oasis PCR also tested positive when the smaller 230bp amplicon was used in the
PreCR’̂ '^ treated/repaired Daklah Oasis PCR. PCR negative and the PreCR'^'^ negative were both
negative for am plified DNA confirming the reagents purity and contamination free. DKT380(1)
in lane 4 and DKT426(2) in lane 9 failed to amplify in replicate but did have strong bands in one
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o f their two replicates. DKT388 had strong bands in both replicates in lanes 6 and 7. Positive 
Control had strong band in target region indicating a successful PCR amplification.
9 S 7 6 5 4 3 2 1
300bp
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Figure 26. Repaired Çayônü Tepesi sample amplified with sexing primers
Lane 1. Phi 29 N eg PCR control; Lane 2. Phi 29 Çayônü Tepesi (1); Lane 3. Phi-29 Çayônü 
Tepesi (2); Lane 4. T4 DNA Polymerase-Neg PCR; Lane 5. Ultra Low Range DNA Ladder; 
Lane 6. T4 DNA polymerase Çayônü Tepesi (1); Lane 7. T4 DNA polymerase Çayônü Tepesi 
(2); Lane 8. M ale positive control 0.5; Lane 9. M ale positive control 2.
The repaired Çayônü Tepesi sample 9 shows a single clear band in lane 3 indicating a 
female result w ith Phi 29 in the second replicate (Figure 26). The phi 29 negative PCR reaction 
was negative confirming reagents purity and that the result came from the Çayônü Tepesi extract 
sample and not contamination. Lanes 8 and 9 were the positive male controls used for 
comparison at two different concentrations. PreCR'^'^ on Çayônü Tepesi sample had negative 
results and the gel is not shown.
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4.0 Discussion
It is through this project that current in vitro DNA repair methods were evaluated for 
overall efficiency and for their repair ability on three common types o f damage encountered with 
preserved and degraded DNA samples. Through a combination o f PCR and GCMS specific 
damage types and relative amounts were able to be detected and then measured (Jermer et al. 
1998) against the methods relative ability to overcome the damage product present in the sample 
to retrieve a successful amplification. The hypothesis is that each in vitro method will have a 
varying degree o f success on the repair and recovery o f  degraded DNA influenced by the 
concentration and com position o f individual damage products present in the sample. M any DNA 
polymerases contain some degree o f proofreading ability which is a correction o f 
misincorporated bases at the time o f synthesis. Newer engineered Taq DNA Polymerases include 
high fidelity and proofreading ability to help in the PCR amplification. The Taq DNA 
Polymerase used in this study lacks detectable 3’-5’exonucleolytic proofreading activity for the 
in vitro amplification o f DNA and produces single-base substitution errors at a rate o f  1 for each 
9000 nucleotides but does possesses a non-processivity 5 ’-3 ’ polymerase activity and double 
stranded specific 5 ’-3 ’ exonuclease activity in the presence o f magnesium. Allowing higher 
fidelity in amplification but limited in template repair ability (Tindall and Kunkel 1988). Higher 
fidelity Taq DNA Polymerase such as Platinum Taq DNA Polymerase with some proof reading 
ability could have been used but the evaluation was for the repair methods and the choice o f Taq 
DNA Polymerase was to reduce the amount o f influence on the results so methods could be 
evaluated for their repair ability. In future studies other thermo stable enzymes could be used to 




To obtain optimal efficiency the methods evaluated had to be modified and in some cases 
changed completely from their originally intended role and adapted to the repair and recovery o f 
degraded DNA. The PCR used to evaluate the efficiency o f the repair protocols after treatments 
was optimized for the least number o f  cycles to reduce artificial positives from contamination 
and to use the least number o f cycles needed to amplify undamaged template. Twenty five cycles 
was the threshold chosen for amplification for the undamaged template to be visualized on a 2% 
agarose gel under UV with EtBr. The repair method had to be able to recover the band within the 
same num ber o f cycles to be considered successful. QIAquick silica bind elute columns were 
used to purify the experimental DNA template as well as standard ethanol precipitations with a 
70% ethanol wash. It was found that the ethanol precipitation purification did not yield a pure 
enough product for reliable GCMS analysis but did not produce a difference in PCR analysis.
The GCMS method used also was modified slightly from the original published method by 
actually decreasing the amount o f DNA template by a final dilution in acetonitrile which is the 
solvent used for GCMS analysis. This dilution combined with a slightly longer run time allowed 
increased resolution and sensitivity. Individual peaks were to be identified corresponding to 
modified base products that have very similar molecular weights and which were masked by the 
merging o f  the peaks into one in the previous method because o f  the resolution. This is important 
to DNA analysis especially in aDNA and highly degraded DNA where recovered samples are 




In section 3.1 dealing with strand break damage which was artificially induced with 
DNase it was shown that the major factor for the repair o f simple strand nicks where the 5 ’ and 
3 ’ ends were unmodified from their OH and phosphate residues was T4 DNA Ligase with other 
factors such as pretreatments less significant when dealing only w ith simple nicks. The 
accumulation o f  single strand nicks can eventually accumulate in a random fashion so that they 
can be lined up on adjacent strands creating a double strand break which is beyond the ability o f 
the DNA ligase to repair because o f  the fragmentation o f the molecule which may explain why 
higher concentrations at o f  DNase caused greater damage then lower concentrations even at 
longer exposure times. The more enzyme present exponentially increases the potential for double 
strand breaks to occur up to a maximum level (Obe et al. 1992). The first amplicon used was 
800bp in size and attempts to recover the amplicon after repair treatments failed in the lU  DNase 
exposure time interval when the amplified damaged unrepaired template was used and also in the 
0.5U DNase time treatment interval. The smearing all was below the 8OObp ladder indicating the 
accumulation o f double strand breaks which caused fragmentation o f the DNA template leaving 
no intact sections o f DNA in the target region. The use o f a 425bp am plicon enabled recovery up 
to the 0.5U DNase longest damage inducing time o f 5 minutes. The 425bp failed in the lU  
DNase treatment even though it was within the smearing region that showed product. The 
am ount o f unspecific product and the degree o f  fragmentation induced by the DSB is believed to 
have caused the failure due to the inability to successfully repair DSB.
Oxidative damage
Oxidative damage was evaluated through a combination o f PCR and GCMS. Several 
methods were tested for their efficiency at repairing the damage template and to restore an
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expected profile through PCR. The GCMS was used as a diagnostic tool to evaluate and quantify 
relatively the types o f  damage products generated and to what degree the methods were able to 
deal with each individual oxidatively modified base product. There is a direct negative 
correlation between the hydantoins and Fapy A and Fapy G in inhibiting PCR using Taq DNA 
Polymerase (Gasparutto et al. 2009; Hoss et al. 1996). The glycol products have also been 
identified as PCR blocking lesions in vitro but are inherently unstable and rapidly convert to 
other products and back again depending on environmental factors (Dizdaroglu et al. 1986; Ide et 
al. 1985)
Experiments with Klenow Fragment - T4 DNA Ligase
Klenow was tested first w ithout the addition o f  T4 DNA Ligase step and had no success 
in increasing recovery time for target region DNA. This is probably the inability o f the enzyme 
to ligate the 3 ’ end o f the newly incorporated base when it cleaves out a recognizable mismatch 
or modified base in its proofreading capacity. W ith the addition o f the T4 DNA Ligase step 
recovery time was increased by 100% but with fairly weak bands and much smearing indicating 
a high degree o f  unspecific product (figure 10). Using the GCMS data shown in table 7 there is a 
reduction in the blocking lesions 5-hydroxthydantoin, uracil glycol, thymine glycol, Fapy A 
which would help to increase amplification product by removing these blocking lesions for the 
Taq DNA Polymerase. There is unfortunately a corresponding increase in uracil, cytosine glycol, 
5-hydroxy-5-methylhydantoin. The relative percentages indicate that uracil glycol is being 
converted to cytosine glycol. The thym ine glycol is being converted to 5- 
hydroxymethylhydantoin so the only real decrease would be in the percentage o f 5- 
hydroxyhydantoin which did experience a 35% drop from treated to untreated and could account 
for the increase in recovery time but the decrease in thymine glycol would increase efficiency.
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Several other oxidative products shown in Table 7 did have considerable percentage drops but 
are not considered blocking lesions but will induce transversion mutations through wrong base 
pairing these indicate that the Klenow treatment did improve the quality o f the template fidelity 
through the reduction or elimination o f  such transversion inducing products such as 1 - 
hydroxyguanine and 8- hydroxy guanine which were virtually eliminated in the treated versus 
untreated damaged DNA samples. The increase in uracil content coupled with the decrease in the 
oxidative damaged uracil products such as 5-hydroxymethlyuracil and 5 hydroxyuracil indicate a 
conversion to uracil and the probability o f  a disproportionate transversion o f U—̂■G in PCR 
amplification. The relative unchanged concentration o f 5,6-dihydroxyuracil is highly suspect 
w ith the reduction o f  the similar uracil damage products and possibly is from the preferred 
conversion o f  5-hydroxycytosine through the deamination on the C 4 ' carbon amine group caused 
by the heat dénaturation o f  the Klenow enzyme or a product o f  the derivitization protocol 
(Halliwell and Dizdaroglu 1992).
Experiments with T4 DNA Polymerase - T4 DNA Ligase
The T4 DNA Polymerase enzyme (figure 10) increased recovery by 100% with strong 
bands low smearing but only when coupled with T4 DNA Ligase. W ithout the T4 DNA Ligase 
step bands were still visible indicating some degree o f ligation may have been occurring in the 
DNA polymerases proofreading capacity. The strong smearing indicates it is unable to deal with 
strand nick ligations outside o f its proofreading capacity. The GCMS data listed in Table 5 
shows the relative changes in modified base products after treatment with T4 DNA Polymerase - 
T4 DNA Ligase. The T4 DNA Polymerase method unlike the Klenow method has a significant 
reduction in both hydantoin blocking lesions which could explain its slightly better ability to 
repair damaged template versus the Klenow method. The fapy blocking lesions had a small
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decrease and may have a small contribution to overall performance but are not the main factors. 
Thym ine glycol, cytosine glycol, and uracil glycol all had significant reductions and are 
considered blocking lesions so would have an impact on DNA repair but the 86% increase in 
uracil and the less significant changes in the other uracil modified products o f 5,6- 
dihydroxyuracil, 5-hydroxymethlyuracil and C modified product 5,6-dihydroxycytosine indicate 
some o f the reductions are due to conversions rather than repair (Dizdaroglu et al. 1986). The 
high uracil content ju st like in the Klenow method could lead to a U ^ G  transversion in 
downstream PCR. The T4 DNA Polymerase method was excellent at reducing or eliminating 
other non blocking transversion lesions such as 1-hydroxyguanine and 8-hydroxyguanine, 8- 
hydroxyadenine all major products o f oxidative stress.
Experiments with Endo IV -T4 DNA Polymerase - T4 DNA Ligase
The addition o f Endo IV glycosylase was added to both Klenow - T4 DNA Ligase and T4 
DNA Polymerase - T4 DNA Ligase methods and increased efficiency by 300% (figure 12). Only 
one o f the major blocking lesions in the hydantoin and fapy groups considered major barriers to 
downstream PCR had significant decrease over the Klenow and T4 DNA Polymerase methods.
5-hydroxy-5-methlyhydantoin was such at low ion counts to be undetectable from base line noise 
in GCM S (Table 10). Increases in cytosine glycol and 5,6-dihydroxyuracil can be correlated to 
drops in 5,6-dihydroxycytosine which can convert to 5,6-dihydroxyuracil in oxidative 
environm ent and 5-hydroxycytosine can also convert to cytosine glycol in an oxidative 
environment. Uracil increased 57% from damaged to treated which was smaller than previous 
methods without the addition o f the Endo IV but still quite significant. As in the previous 
methods the decreases in 5-hydroxymethlyuracil could contribute to the uracil increase but 
contrary to the previous methods uracil glycol and 5-hydroxyuracil had virtually no change in
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levels from treated from damaged indicating some other product is being converted to uracil at 
least in this method. The fact that thymine glycol also known as a blocking lesions seems to be at 
low enough levels to be undetectable in from the base line indicating complete removal or 
conversion to some other possible modified base such as uracil and would help explain the 
increase. The removal o f  thymine glycol would definitely contribute to the overall efficiency o f 
recovery. As in the Klenow - T4 DNA Ligase, and T4 DNA Polymerase - T4 DNA Ligase 
methods 1-hydroxyguanine, 8-hydroxyguanine and 8-hydroxyadenine were all eliminated to 
undetectable levels from treated sample (Table 10) which would prevent transversion base 
mutations in downstream PCR and would increase the fidelity o f the method.
Experim ents using the PreCR^^ Enzyme Repair Mix
PreCR’’'”̂  was very effective on oxidative damage with an efficiency increase o f  650%. 
From figure 13 it can be seen that there is very minute smearing even into the farthest damage 
intervals and had no virtually no unspecific product right up to the point o f  inhibition. The 
significant decreases in all four major blocking lesions, hydantoins and fapys would definitely be 
a major factor in PreCR™ s superior performance in the recovering DNA profiles from heavily 
oxidatively damaged DNA . One o f  the constituent enzymes Fpg is probably responsible for the 
m ajor decreases in Fapy G, Fapy A  and reduction to undetectable levels o f  5-hydroxy-cytosine 
and 5-hydroxyuracil because this enzyme is very effective at removing these base oxidative 
dam ages (Boiteux et al. 1992). The Endo IV Glycosylase used in both PreCR™  and the Endo IV 
- T4 DNA Polymerase - T4 DNA Ligase as seen table 10 was very effective on 5- hydroxy-5- 
m ethylhydantoin reducing it to undetectable levels in the Endo IV - T4 DNA Polymerase - T4 
DNA Ligase method so it is probably responsible for the same drop in the PreCR™  method. 
Other hydantoins, cytosine glycol and 5,6-dihydroxyuracil also had an increase but in
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comparison to the other methods where GCMS data was available it was much less (Table 13) 
and as previously discussed is probably the result o f some o f the other products being converted. 
Uracil had a 21% drop which was contrary to the other methods where GCMS data was available 
which all exhibited a rise in uracil content in repaired samples. One o f  the enzymes in the 
PreCR™  mix is Uracil-DNA Glycosylase which is very effective at removing uracil from DNA 
template (Nilsen et al. 2002; Nilsen et al. 2000) but may be inhibited due to the tradeoff in 
having so many enzymes together balancing competitive optimum reaction conditions. As in the 
other methods 8-hydroxyguanine, 1-hydroxyguanine and 1-hydroxyadenine all has significant 
reductions but the 1- and 8-hydroxyguanines had substantially less reduction than previous 
methods. Both oxidative products showed up in the same peak at the retention time 19.290 and 
both registered a 56% decrease but because o f their similar molecular weight the resolution for 
discriminating the individual products on this particular GCMS run could explain the results or 
the PreCR™  mix could be equally efficient at reducing both types o f  hydroxyguanines. The 56% 
drop will also mean there could possibly be half as many more transversions caused by the G 
base damage in downstream PCRs.
Experiments with the Phi 29 Enzyme
Unfortunately GCMS data was not available at the time o f writing so the oxidative repair 
capability for Phi 29 was evaluated strictly through PCR amplification. The price o f  the enzyme 
was cost prohibitive for this study allowing only for PCR optimization in the oxidative and 
hydrolytic damage categories. To obtain GCMS data often multiple runs were needed to 
optimize the required resolution to identify individual base modifications and it was believed that 
Phi 29 would be m uch more effective on hydrolytic damage.
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Hydrolytic Damage
Hydrolytic damage was evaluated only through PCR. GCMS turned out to be an 
ineffective tool for identifying or quantifying hydrolytic damage. The randomness o f  the damage 
coupled with the hydrolysis procedure used to prepare the DNA for derivitization for GCMS 
masked any identifiable trends in damage products or between treatments. The heat/acid buffer 
protocol used to induce the damage which generates predominately AP sites within the DNA 
(Nakamura and Swenberg 1999). Even though Taq DNA Polymerase can transcribe over AP 
sites within a DNA strand (Belousova et al. 2006) in the unrepaired heat acid damaged DNA 
complete inhibition o f the Taq DNA Polymerase came at the 8 hour mark which is the time 
interval where it is possible that the AP sites have accumulated in multiple adjacent sites 
preventing transcription.
In comparing the repair methods Klenow - T4 DNA Ligase, and T4 DNA Polymerase - 
T4 DNA Ligase effectiveness in recovering DNA profiles both methods had approxim ately the 
same effectiveness with recovery o f  DNA profiles over damage intervals with both methods 
doubling the recovery time from 8 to 16 hours or a 100% increase in efficiency. The T4 DNA 
Polymerase - T4 DNA Ligase method was superior with slightly brighter bands, less smearing 
and less unspecific product indicating a higher quality o f  repaired DNA. The additional added 
step o f  including Endo IV as a pretreatment to the Klenow - T4 DNA Ligase, and T4 DNA 
Polymerase - T4 DNA Ligase methods (Figure 18) did not extend the recovery time but did 
drastically reduce the smearing, unspecific product formation and brightened target bands 
considerably. Endo IV being a glycosylase which is effective in repairing many oxidative 
damage products indicates there may have been some potentially oxidative damage to the sugar 
moiety as a side product o f the treatment process (Evans et al. 2004). Even though some
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oxidative damage appears to have been generated the major factor still appears to be the 
hydrolytic damage based on the inability o f  the Endo IV treatment to increase recovery time 
even if  it was able to improve the resolution.
The PreCRTM enzyme repair mix shown in Figure 19 was slightly better in time recovery 
with a visible band at the 18 hour mark but it was very weak. The absence o f  smearing and 
unspecific product in all lanes similar to the Endo IV treatment but the relative faintness o f  the 
bands over all time intervals indicates that the overall efficiency o f the recovery method is 
approximately the same as the previous methods but its mix o f glycosylases is effective at 
reducing the oxidative by products to increase resolution but at the cost o f  reducing the quantity 
o f recovered DNA.
The Phi 29 DNA Polymerase (Figure 20) had the best results in the hydrolytic damage 
category with a 200% increase in efficiency with no smearing and very little unspecific product. 
The ability o f the enzyme to replicate the DNA at room at below denaturing temperatures, 
excellent proofreading ability, high fidelity (Paez et al. 2004) and ability to perform translesional 
synthesis across multiple AP sites allowed the Phi 29 to have the greatest recovery time. It also 
has some ability to deal with oxidative damage products as seen in the experimentally damaged 
H 2 O2  results which is why the lanes had very little unspecific product and no smearing. It is 
unknown at this stage if  Phi 29 treatment method induces transversions within the genetic code 
by reading over the oxidative damage products or if  it actually has some glycosylase ability to 
remove and replace modified base products.
Comparison o f Repair Methods.
The T4 DNA Ligase was found to be the determining factor for simple strand breaks and 
the addition o f  other enzymes tested had no real contributing factor and actually reduced the
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repair process probably because the loss and damage o f template when additional purification 
steps between enzyme treatments were needed. No purification method is a 100% efficient and 
some template loss will be realized at each stage (Krsek and W ellington 1999) which is a factor 
in how many steps are involved in a repair method and how many side products are formed or 
template loss. W hen all the tested repair methods are compared for recovery the Phi 29 is the 
most effective overall, followed by the PreCR™  repair enzyme mix both for their excellent 
results and their one tube one reaction protocol, Endo IV - T4 DNA Polymerase - T4 DNA 
Ligase, T4 DNA Polymerase - T4 DNA Ligase and finally the Klenow - T4 DNA Ligase method 
being the least effective. This ranking doesn’t break down equally though between categories 
though. PreCRT^"  ̂does excellent in oxidative damage repair but only slightly better than the 
Endo IV/T4 DNA Polymerase - T4 DNA Ligase and much less than the Phi 29 in the hydrolytic 
category. The Phi 29 method far surpasses all other methods in the hydrolytic category but its 
bands are extremely weak even though its recovery times are comparable to the other methods in 
the oxidative category. The Endo IV - T4 DNA Polymerase - T4 DNA Ligase gave the m ost 
consistent results for quality with very sharp bands in PCR gels and comparable recovery times 
in both hydrolytic and oxidative categories. W ithout DNA sequencing which is the next stage in 
this research the amount o f base mutations that each repair method may induce is not known but 
the possibility for some transversions can be inferred from the presence o f transversion inducing 
modified base products present in the final repaired product that could become base mutation 
later on in downstream PCR amplifications.
Ancient Samples
The ancient samples were chosen to assess the repair methods on degraded samples with 
different types o f  damage. Theoretically the Copan samples would have higher hydrolytic DNA
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damage coming from the tropics, while Daklah Oasis had higher oxidative damage as 
demonstrated by the miscoding lesion study o f  Lamers et al (2009) and the Çayônü Tepesi 
sample was to assess older material. It has so far been the oldest human material genetically 
analyzed (M atheson and Loy 2001).
Phi 29 was able to fully restore the Copan samples to close to or maybe even slightly 
better than the undam aged positive controls. The T4 DNA Ligase method also worked on the 
Copan samples w ith bright bands and no smearing. These results support the hypothesis that 
these remains contain highly hydrolytic dam aged DNA. However there could have been some 
oxidative damage present in these samples as well as hydrolytic damage. This clearly 
demonstrates the viability o f  the Phi 29 enzyme being capable o f repairing ancient and degraded 
DNA. The T4 DNA Ligase method producing results suggests a degree o f  strand breaks 
consistent with the taphonomy o f the samples.
Only PreCR'*’’̂  worked on the Daklah Oasis samples and only with the smaller amplicon 
suggesting heavy fragmentation and oxidative damage. This confirms the previous research o f 
Lamers et al. (Lamers et al. 2009). These samples have previously produced negative 
amplification results specifically chosen to assess the ability to repair the ancient and degraded 
DNA. The negative extraction showed a positive result with the smaller am plieon in both 
extraction before and PreCR'^’̂  treatment but the Daklah Oasis samples were negative except the 
Daklah DKT380 sample had some smearing but no bands before treatment. After treatm ent with 
PreCR™  all samples had excellent bands w ith no smearing.
The Çayônü Tepesi sample 9 had only the Phi 29 method work to create one strong band 
indicating a female result. This sample has only been analyzed by male researchers, therefore if 
there were any contamination present after this analysis it should have shown a male individual.
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This was not the case so this result supports the reliability o f the methods and controls used in 
this study. The sample is a skull sample from the “ Skull building” at the site o f  Çayônü Tepesi. 
The morphological sex o f this individual has been previously identified as a female but has 
previously failed to amplify due to the degraded and fragmented DNA within the sample 
(M atheson and Loy 2001). It is possible that this sample had highly hydrolytic dam aged DNA 
with strand breaks due to its age and the fact that this was the only sample o f  ten originally 
analyzed that did not produce any results.
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5.0 Conclusion
The use o f  enzymatic repair methods were tested on highly purified DNA template using 
different damaging methods to induce particular forms o f  DNA modification to test the 
effectiveness o f  current in vitro DNA repair methods. The degraded DNA was then analyzed for 
previously characterized modified base products and attempted to measure the relative repair 
ability against the individual modified base products for each method through PCR and GCMS.
This research was successful in indentifying and quantifying 16 individual oxidatively 
m odified base products induced through an H 2 O 2 damaging treatment and the in vitro repair 
methods relative ability to deal with these products. The reduction in the Fapy A and Fapy G 
modified base products and the hydantoins; 5-hydroxyhydantoin and 5-hydroxy-5- 
m ethlyhydantoin had direct correlations to quantity present in repaired sample and its ability to 
be successfully amplified in later PCR. There were still some transversions present in the 
samples after repair which probably w on’t have a great effect on recovery but will potentially 
cause misleading base pair coding errors in amplifying PCRs later on. The biggest increase was 
in uracil content which suggests that some o f the other uracil oxidative products were being 
converted into uracil because o f their relative decrease compared to the relative increase o f  uracil 
content in repaired samples.
One o f  the problems encountered was the measuring and interpretation for some o f  the 
glycol modified base data. Thymine glycol, uracil glycol, and cytosine glycol there were 
substantial reductions in thymine glycol which would help efficiency by removing a blocking 
lesion but there were increases in cytosine glycol and uracil glycol had varying amounts in the 
different samples depending on the method used. This was slightly suspect do to the unstable 
nature o f the glycols and increases in some o f  their conversion products. M odifying the GCMS
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derivitization method to a softer method with a lower derivitization temperature could provide a 
clearer picture by reducing chemical conversions induced by the high temperatures and possibly 
any residual oxygen.
Fragmentation was concluded to be the major factor to DNA recovery in dealing with 
strand breakage and that T4 DNA Ligase or Ligases in general are the most important factor in 
dealing with such.
Also in dealing with hydrolytic damage which is usually the formation o f an AP site a 
fairly new enzyme which whose study for recovery o f degraded DNA was scarce in the literature 
and no findings o f  its excellent ability to deal with AP sites induced through hydrolytic damage.
Evaluating the repair methods showed that each method had varying degrees o f success 
depending on the damage type present. So by evaluating the damage present or making an 
educated guess by the environment conditions and age o f  sample it was recovered in and 
knowing what the major type o f  damage that would be caused in such environment one could 
target the repair method that would have the highest chance o f success based on damage type 
present.
DNA repair using these in vitro repair methods was demonstrated successfully on several 
aDNA samples ranging in age from 1400-9600 years before present from different locations 
around the world. These samples had all had been previously attempted to be amplified without 
success and were deemed to contain no DNA or no viable template. The locations and 
environmental factors were used to predict what damage would be present and which method if  
any would be m ost likely to recover viable template. In the Copan samples recovered from 
Central A merica it was predicted to have mainly hydrolytic damage and the results were 
successful for the Phi 29 enzyme which was very effective on hydrolytic damage and the T4
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DNA Polymerase methods also had success with the Copan samples. In the Egyptian Daklah 
Oasis samples, the predicted major damage present was oxidative damage and the PreCR'^^ mix 
was able to recover viable DNA template but due to excessive fragmentation the am plicon was 
smaller. The last sample was the Neolithic Çayônü Tepesi sample 9 and positive sex 
identification was successful with the Phi 29 identifying a female and confirming the 
morphological sex identifieation. The recovery o f viable template in this sample where the major 
damage type was unknown but where the sample was considerably older than the others 
analyzed in this research confirms the success o f the repair methods. The major form  o f  DNA 
damage in this sample can be inferred from the results as hydrolytic damage. In the original 
simple ligation experiment between Pusch et al (1998) and Di Bernardo et al (2002) it is likely 
that the damage present in the ancient samples from the Alamannic burial site at N eresheim  in 
Germany likely had hydrolytic damage due to its climate and taphonomy which w ould have 
made the Pol I method ineffective on that type o f damage explaining their limited success. The 
Pompeii site on the other hand had much different taphonomic characteristics being dryer and 
slightly basic volcanic ash surrounding the samples. In addition the rapid burial o f these 
individuals in hot ash that burnt the soft tissues o ff these individuals so quickly that a cast was 
formed around them  from the vacant soft tissues demonstrates the rapid removal o f  w ater from 
the body a prim ary cause o f post-mortem hydrolytic degradation o f DNA. This w ould have 
protected the DNA from hydrolytic damage but would have made them vulnerable to  oxidative 
damage. This likely explains why the Di Bernardo team had greater success with the Pol I 
method that is more effective on oxidative DNA damage.
So in conclusion we have identified in this study several key blocking lesions in 
oxidatively damaged DNA through a more sensitive GCMS technique that uses m inute amounts
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o f template DNA which is o f  great importance in aDNA where samples are limited. We have 
successfully assessed current in vitro DNA repair techniques to deal with different types o f  




In future studies the repair methodologies need to be optimized and refined allowing for 
greater sensitivity and the identification o f  more modified oxidatively damaged products. Using 
internal standards o f many o f these modified base products which are commercially available 
would also allow for the quantification o f damage type as a percentage o f sample rather than 
relative to unrepaired to repaired sample further allowing researchers to target their specific 
repair methods.
In particular the derivitization methodology needs to be further refined to exclude the 
possibility o f  artifacts o f oxidative damage products induced through a softer derivitization 
method. In particular a longer time with lower temperatures would be m ost suitable.
A  more in depth study o f  Phi 29 as a repair method for aDNA and its mechanisms could 
be o f  great value to recovery o f  aDNA researchers because this enzyme was very effective on 
hydrolytic damage which it is not in its reported abilities in the body o f literature.
The repaired DNA in this study also needs to be sequenced to identify the transversion 
base mutations and try to link them to the specific base damage in the samples.
Additional enzyme combinations need to be tested and optimized for individual damage 
types w hich would allow targeting o f  damage by type more effectively. The biggest challenge to 
this is com petition from competing enzymes and creating reaction conditions where all the 
enzym es are able to work efficiently.
104
7.0 References
Alberts, B., Bray, D., Johnson, A., et al. 1998. Essential Cell Biology - An Introduction to the 
Molecular Biology o f  the Cell. N ew  York and London: Garland Publishing Inc.
Aliotta, J. M., J. J. Pelletier, J. L. Ware, L. S. Moran, J. S. Benner, and H. Kong. 1996.
Thermostable Bst DNA polymerase I lacks a 3'—>5' proofreading exonuclease activity. 
Genetic Analysis 12 (5-6).T85-195.
Anensen, H., F. Pro van, A. T. Lian, S. H. Reinertsen, Y. Ueno, A. M atsuda, E. Seeberg, and S. 
Bjelland. 2001. M utations induced by 5-formyl-2'-deoxyuridine in Escherichia coli 
include base substitutions that can arise from mispairs o f 5-formyluracil w ith guanine, 
cytosine and thymine. Mutat Res 476 (l-2):99-107.
Aust, A. E., and J. F. Eveleigh. 1999. M echanisms o f DNA oxidation. Proceedings o f  the Society 
fo r  Experimental Biology and Medicine 222 (3):246-252.
Balajee, A. S., and V. A. Bohr. 2000. Genomic heterogeneity o f nucleotide excision repair. Gene 
250 (1-2): 15-30.
Baltz, R. H., P. M. Bingham, and J. W. Drake. 1976. Heat mutagenesis in bacteriophage T4: the 
transition pathway. Proc Natl Acad Sci U S  A 1 3  (4): 1269-1273.
Barker, S., M. W einfeld, and D. Murray. 2005. DNA-protein crosslinks: their induction, repair, 
and biological consequences. Mutat Res 589 (2):111-135.
Basu, A. K., E. L. Loechler, S. A. Leadon, and J. M. Essigmann. 1989. Genetic effects o f
thymine glycol: site-specific mutagenesis and molecular modeling studies. Proc Natl 
86 (20):7677-7681.
Belousova, E. A., N. I. Rechkunova, and O. I. Lavrik. 2006. Thermostable DNA polym erases 
can perform translesion synthesis using 8-oxoguanine and tetrahydrofuran-containing 
DNA templates. Biochim Biophys Acta 1764 (I):97-104.
Blanco, L., and M. Salas. 1996. Relating structure to function in phi29 DNA polymerase. J  Biol 
CAe/» 271 (15):8509-8512.
Boiteux, S., E. Gajewski, J. Laval, and M. Dizdaroglu. 1992. Substrate specificity o f  the
Escherichia coli Fpg protein (formamidopyrimidine-DNA glycosylase): excision o f  
purine lesions in DNA produced by ionizing radiation or photosensitization. Biochemistry 
31 (1):106-110.
Boiteux, S., T. R. O'Connor, F. Lederer, A. Gouyette, and J. Laval. 1990. Homogeneous
Escherichia coli FPG protein. A DNA glycosylase which excises im idazole ring-opened 
purines and nicks DNA at apurinic/apyrimidinic sites. J  Biol Chem 265 (7):3916-3922.
Boudsocq, F., S. Iwai, F. Hanaoka, and R. Woodgate. 2001. Sulfolobus solfataricus P2 DNA 
polymerase IV (Dpo4): an archaeal DinB-like DNA polymerase with lesion-bypass 
properties akin to eukaryotic poleta. Nucleic Acids Res 29 (22):4607-4616.
Burger, J., S. Hummel, B. Hermann, and W. Henke. 1999. DNA preservation: a microsatellite- 
DNA study on ancient skeletal remains. Electrophoresis 20 (8): 1722-1728.
Cadet, J., T. Delatour, T. Douki, D. Gasparutto, J. P. Pouget, J. L. Ravanat, and S. Sauvaigo.
1999. Hydroxyl radicals and DNA base damage. Mutat Res 424 (l-2):9-21.
Calsou, P., P. Frit, and B. Salles. 1996. Double strand breaks in DNA inhibit nucleotide excision 
repair in vitro. J  Biol Chem 271 (44):27601-27607.
Cannon-Carlson, S. V., H. Gokhale, and G. W. Teebor. 1989. Purification and characterization 
o f 5-hydroxymethyluracil-DNA glycosylase from calf thymus. Its possible role in the 
maintenance o f  methylated cytosine residues. J  Biol Chem 264 (22):13306-13312.
105
Cano, R. J. 1996. Analysing ancient DNA. Endeavour 20 (4): 162-167.
Cheng, K. C., D. S. Cahill, H. Kasai, S. Nishimura, and L. A. Loeb. 1992. 8-Hydroxyguanine, an 
abundant form o f oxidative DNA damage, causes G— T and A— C substitutions. J  Biol 
Chem 267 (1);166-172.
Cipollaro, M., G. Di Bernado, A. Forte, G. Galano, L. De Masi, U. Galderisi, F. M. Guarino, F. 
Angelini, and A. Cascino. 1999. Histological analysis and ancient DNA am plification o f 
human bone remains found in caius iulius polybius house in pompeii. Croat M ed J  40 
(3):392-397.
Cooke, M. S., M. D. Evans, M. Dizdaroglu, and J. Lunec. 2003. Oxidative DNA damage: 
mechanisms, mutation, and disease. Faseb J 17 (10):1195-1214.
Dabkowska, 1., J. Rak, and M. S. Gutowski. 2005. DNA strand breaks induced by concerted 
interaction o f H radicals and low-energy electrons. A computational study o f the 
nucleotide o f  cytosine. Journal Name: European Physical Journal. D, Atomic, molecular 
and optical physics; Journal Volume: 35; Journal Issue: 2:Medium: X.
David, S. S. 2005. Structural biology: DNA search and rescue. Nature 434 (7033):569-570.
DeLaat, C. A., and A. T. Meadows. 1999. Long-term follow-up o f cancer survivors. Journal o f  
Pediatric Hematology/Oncology 21 (6):463-465.
DeSalle, R., J. Gatesy, W. Wheeler, and D. Grimaldi. 1992. DNA sequences from a fossil termite 
in Oligo-M iocene amber and their phylogenetic implications. Science 257 (5078): 1933- 
1936.
Devchand, P. R., J. D. McGhee, and J. H. van de Sande. 1993. Uracil-DNA glycosylase as a 
probe for protein—DNA interactions. Nucleic Acids Res 21 (15):3437-3443.
Di Bernardo, G., S. Del Gaudio, M. Cammarota, U. Galderisi, A. Cascino, and M. Cipollaro.
2002. Enzymatic repair o f  selected cross-linked homoduplex molecules enhances nuclear 
gene rescue from Pompeii and Herculaneum remains. Nucleic Acids Res 30 (4 ):el6 .
Dizdaroglu, M. 1990. Gas chromatography-mass spectrometry o f free radical-induced products 
o f pyrimidines and purines in DNA. Methods Enzymol 193:842-857.
---------- . 1994. Chemical determination o f oxidative DNA damage by gas chromatography-mass
spectrometry. Methods Enzymol 234:3-16.
Dizdaroglu, M., E. Holwitt, M. P. Hagan, and W. F. Blakely. 1986. Formation o f  cytosine glycol 
and 5,6-dihydroxycytosine in deoxyribonucleic acid on treatment with osm ium  tetroxide. 
B ioch em J235 (2):531-536.
Dizdaroglu, M., G. Kirkali, and P. Jaruga. 2008. Formamidopyrimidines in DNA: M echanism s 
o f formation, repair, and biological effects. Free Radie Biol Med.
Dizdaroglu, M., J. Laval, and S. Boiteux. 1993a. Substrate specificity o f the Escherichia coli
endonuclease 111: excision o f thymine- and cytosine-derived lesions in DNA produced by 
radiation-generated free radicals. Biochemistry 32 (45):12105-12111.
Dizdaroglu, M., R. Olinski, J. H. Doroshow, and S. A. Akman. 1993b. M odification o f DNA 
bases in chromatin o f  intact target human cells by activated human polym orphonuclear 
leukocytes. Cancer Res 53 (6):1269-1272.
Dizdaroglu, M., D. Schulte-Frohlinde, and C. von Sonntag. 1975. Radiation chemistry o f  DNA, 
11. Strand breaks and sugar release by gamma-irradiation o f DNA in aqueous solution.
The effect o f  oxygen. Z Naturforsch C  30 (6):826-828.
Dobbs, T. A., P. Palmer, Z. Maniou, M. E. Lomax, and P. O'Neill. 2008. Interplay o f  two major 
repair pathways in the processing o f  complex double-strand DNA breaks. DNA Repair 7 
(8):1372-1383.
106
Esteban, J. A., M. Salas, and L. Blanco. 1993. Fidelity o f  phi 29 DNA polymerase. Comparison 
between protein-primed initiation and DNA polymerization. J  Biol Chem 268 (4):2719- 
2726.
Evans, M. D., M. Dizdaroglu, and M. S. Cooke. 2004. Oxidative DNA damage and disease: 
induction, repair and significance. Mutat Res 567 (1):1-61.
Feinberg, A. P., and B. Vogelstein. 1983. A technique for radiolabeling DNA restriction 
endonuclease fragments to high specific activity. Anal Biochem 132 (1):6-13.
Garcia-Valverde, M., and T. Torroba. 2005. Special issue: Sulfur-nitrogen heterocycles. 
Molecules 10 (2):318-320.
Gasparutto, D., E. Muller, S. Boiteux, and J. Cadet. 2009. Excision o f the oxidatively formed 5- 
hydroxyhydantoin and 5 -hydroxy-5 -methyIhydantoin pyrimidine lesions by Escherichia 
coli and Saccharomyces cerevisiae DNA N-glycosylases. Biochim Biophys Acta  1790
(1):16-24.
Gilbert, M. T., A. S. Wilson, M. Bunce, A. J. Hansen, E. Willerslev, B. Shapiro, T. F. Higham, 
M. P. Richards, T. C. O'Connell, D. J. Tobin, R. C. Janaway, and A. Cooper. 2004. 
Ancient mitochondrial DNA from hair. Curr Biol 14 (12):R463-464.
Godoy, V. G., D. F. Jarosz, F. L. Walker, L. A. Simmons, and G. C. Walker. 2006. Y-family 
DNA polymerases respond to DNA damage-independent inhibition o f replication fork 
progression. Embo J 2 5  (4):868-879.
Goldberg, 1. H. 1987. Free radical mechanisms in neocarzinostatin-induced DNA damage. Free 
Radie Biol M ed  3 (l):41-54.
Golenberg, E. M., D. E. Giannasi, M. T. Clegg, C. J. Smiley, M. L. Durbin, D. Henderson, and 
G. Zurawski. 1990. Chloroplast DNA sequence from a miocene magnolia species. Nature 
344 (April):656-658.
Graver, A., J. E. Molto, R. L. Parr, S. Walters, R. C. Praymak, and J. Maki. 2000.
Mithochondrial DNA Research in the Dakhleh Oasis, Egypt: A  Preliminary Report. 
Ancient Biomolecules 3:239-253.
Greenberg, M. M. 2005. DNA interstrand cross-links from modified nucleotides: mechanism and 
application. Nucleic Acids Symp Ser (Oxf) (49):57-58.
Gupta, A. P., P. A. Benkovic, and S. J. Benkovic. 1984. The effect o f  the 3',5' thiophosphoryl
linkage on the exonuclease activities o f T4 polymerase and the Klenow fragment. Nucleic 
12 (14):5897-5911.
Halliwell, B., and M. Dizdaroglu. 1992. The measurement o f oxidative damage to DNA by 
HPLC and GC/MS techniques. Free Radical Research Communications 16 (2):75-87.
Hansen, A. J., D. L. Mitchell, C. Wiuf, L. Paniker, T. B. Brand, J. Binladen, D. A. Gilichinsky,
R. Ronn, and E. Willerslev. 2006. Crosslinks rather than Strand Breaks Determine 
Access to Ancient DNA Sequences from Frozen Sediments. Genetics.
Hansen, J. N. 1974. Isolation o f higher molecular weight DNA from Bacillus Cereus T using 
proteinase K. Preparative Biochemistry 4 (6):473-488.
Hatahet, Z., Y. W. Kow, A. A. Purmal, R. P. Cunningham, and S. S. Wallace. 1994. New
substrates for old enzymes. 5-Hydroxy-2'-deoxycytidine and 5-hydroxy-2'-deoxyuridine 
are substrates for Escherichia coli endonuclease 111 and formamidopyrimidine DNA N- 
glycosylase, while 5-hydroxy-2'-deoxyuridine is a substrate for uracil DNA N- 
glycosylase. J  Biol Chem 269 (29):18814-18820.
Higgins, K. M., and R. S. Lloyd. 1987. Purification o f the T4 endonuclease V. Mutat Res 183
(2):117-121.
107
Hofreiter, M., V. Jaenicke, D. Serre, A. Haeseler Av, and S. Pââbo. 2001. DNA sequences from 
multiple amplifications reveal artifacts induced by cytosine deamination in ancient DNA. 
Nucleic Acids Res 29 (23):4793-4799.
Hofreiter, M., H. N. Poinar, W. G. Spaulding, K. Bauer, P. S. Martin, G. Possnert, and S. Pââbo.
2000. A molecular analysis o f  ground sloth diet through the last glaciation. M olecular 
Ecology 9:1975-1984.
Hori, M., S. Yonei, H. Sugiyama, K. Kino, K. Yamamoto, and Q. M. Zhang. 2003. Identification 
o f high excision capacity for 5-hydroxymethyluracil mispaired with guanine in DNA o f 
Escherichia coli MutM, Nei and N th DNA glycosylases. Nucleic Acids Res 31 (4):1191- 
1196.
Horst, J. P., and H. J. Fritz. 1996. Counteracting the mutagenic effect o f  hydrolytic deam ination 
o f  DNA 5-methylcytosine residues at high temperature: DNA mismatch N -glycosylase 
M ig.M th o f the thermophilic archaeon M ethanobacterium therm oautotrophicum THF. 
EM BO Journal 15 (19):5459-5469.
Hoss, M., P. Jaruga, T. H. Zastawny, M. Dizdaroglu, and S. Pââbo. 1996. DNA damage and
DNA sequence retrieval from ancient tissues. Nucleic Acids Research  24 (7):1304-1307.
Ide, H., and M. Kotera. 2004. Human DNA glycosylases involved in the repair o f oxidatively 
damaged DNA. Biological and Pharmaceutical Bulletin  27 (4):480-485.
Ide, H., Y. W. Kow, and S. S. Wallace. 1985. Thymine glycols and urea residues in M13 DNA 
constitute replicative blocks in vitro. Nucleic Acids Res 13 (22):8035-8052.
Jagger, J. 1958. Photoreactivation. Bacterial Rev 22 (2):99-142.
Jaruga, P., G. Kirkali, and M. Dizdaroglu. 2008. M easurement o f  formamidopyrimidines in 
DNA. Free Radie Biol M ed 45 (12):1601-1609.
Jenner, A., T. G. England, O. I. Aruoma, and B. Halliwell. 1998. M easurement o f oxidative
DNA damage by gas chromatography-mass spectrometry: ethanethiol prevents artifactual 
generation o f oxidized DNA bases. Biochem J  3 3 1 ( Pt 2):365-369.
Johansson, B. G. 1972. Agarose gel electrophoresis. Scandinavian Journal o f  Clinical and  
Laboratory Investigation. Supplement 124:7-19.
Johnson, R. E., M. T. Washington, S. Prakash, and L. Prakash. 1999. Bridging the gap: a family 
o f  novel DNA polymerases that replicate faulty DNA. Proc Natl A cad Sci U S  A 96 
(22):12224-12226.
Kamiya, H. 2004. M utagenicities o f  8-hydroxyguanine and 2-hydroxyadenine produced by 
reactive oxygen species. Biological and Pharmaceutical Bulletin  27 (4):475-479.
Karimi-Busheri, F., J. Lee, A. E. Tomkinson, and M. Weinfeld. 1998. Repair o f  DNA strand
gaps and nicks containing 3 '-phosphate and 5'-hydroxyl termini by purified mammalian 
enzymes. Nucleic Acids Res 26 (19):4395-4400.
Karino, N., Y. Ueno, and A. Matsuda. 2001. Synthesis and properties o f  oligonucleotides 
containing 5-formyl-2'-deoxycytidine: in vitro DNA polymerase reactions on DNA 
templates containing 5-formyl-2'-deoxycytidine. Nucleic Acids Res 29 (12):2456-2463.
Kasprzak, K. S., P. Jaruga, T. H. Zastawny, S. L. North, C. W. Riggs, R. Olinski, and M.
Dizdaroglu. 1997. Oxidative DNA base damage and its repair in kidneys and livers o f 
nickel(II)-treated male F344 rats. Carcinogenesis 18 (2):271-277.
King, J. S., C. F. Fairley, and W. F. Morgan. 1996. DNA end joining by the Klenow fragment o f 
DNA polymerase I. J  Biol Chem  271 (34):20450-20457.
108
Kokoska, R. J., K. Bebenek, F. Boudsocq, R. W oodgate, and T. A. Kunkel. 2002. Low fidelity 
DNA synthesis by a y family DNA polym erase due to misalignment in the active site. J  
BW  CAgm 277 (22): 19633-19638.
Kreutzer, D. A., and J. M. Essigmann. 1998. Oxidized, deaminated cytosines are a source o f  C — 
> T transitions in vivo. Proc Natl Acad Sci U S  A 95 (7):3578-3582.
Krsek, M., and E. M. Wellington. 1999. Comparison o f different methods for the isolation and 
purification o f total community DNA from soil. J  M icrobiol Methods 39 (1): 1-16.
Lamers, R., S. Hayter, and C. D. Matheson. 2009. Postmortem miscoding lesions in sequence 
analysis o f  human ancient mitochondrial DNA. J  M ol Evol 68 (l):40-55.
Levin, J. D., and B. Demple. 1996. In vitro detection o f  endonuclease IV-specific DNA damage 
formed by bleomycin in vivo. Nucleic Acids Res 24 (5):885-889.
Lindahl, T. 1993. Instability and decay o f  the prim ary structure o f  DNA. Nature 362:709-714.
Lindahl, T., and A. Andersson. 1972. Rate o f chain breakage at apurinic sites in double-stranded 
deoxyribonucleic acid. Biochemistry 11 (19):3618-3623.
Lindahl, T., and R. D. Wood. 1999. Quality control by DNA repair. Science 286 (5446): 1897- 
1905.
Maddukuri, L., D. Dudzinska, and B. Tudek. 2007. Bacterial DNA repair genes and their
eukaryotic homologues: 4. The role o f nucleotide excision DNA repair (NER) system in 
mammalian cells. Acta Biochimica Polonica 54 (3):469-482.
Matheson, C., R. Praymak, A. Lahti, P. Luukkonen, V. Tiesler Bios, and K. Vernon. 2003. The 
Ancient Populations o f the Maya: M oving towards a Regional Genetic Study. In Los 
Investigadores de la Cultura M aya 11.
Matheson, C. D., and T. H. Loy. 2001. Genetic Sex Identification o f 9400-year-old H um an Skull 
Samples from Cayonu Tepesi, Turkey. Journal o f  Archaeological Science 28:569-575.
Miyabe, L, Q. M. Zhang, H. Sugiyama, K. Kino, and S. Yonei. 2001. M utagenic effects o f  5- 
formyluracil on a plasmid vector during replication in Escherichia coli. International 
Journal O f Radiation Biology 77 (l):53-58.
Moggs, J. G., K. J. Yarema, J. M. Essigmann, and R. D. Wood. 1996. Analysis o f incision sites 
produced by human cell extracts and purified proteins during nucleotide excision repair 
o f a 1,3-intrastrand d(GpTpG)-cisplatin adduct. J  Biol Chem 271 (12):7177-7186.
Mol, C. D., S. S. Parikh, C. D. Putnam, T. P. Lo, and J. A. Tainer. 1999. DNA repair
mechanisms for the recognition and removal o f damaged DNA bases. Annual Review o f  
Biophysics andBiomolecular Structure 28:101-128.
Mullis, K. B., and F. A. Faloona. 1987. Specific synthesis o f  DNA in vitro via a polymerase- 
catalyzed chain reaction. Methods Enzymol 155:335-350.
Nakamura, J., and J. A. Swenberg. 1999. Endogenous apurinic/apyrimidinic sites in genomic 
DNA o f mammalian tissues. Cancer Res. 59 (1 1):2522-2526.
Nilsen, H., T. Lindahl, and A. Verreault. 2002. DNA base excision repair o f uracil residues in 
reconstituted nucleosome core particles. Embo J 2 \  (21):5943-5952.
Nilsen, H., I. Rosewell, P. Robins, C. F. Skjelbred, S. Andersen, G. Slupphaug, G. Daly, H. E. 
Krokan, T. Lindahl, and D. E. Bames. 2000. Uracil-DNA glycosylase (UNG)-deficient 
mice reveal a primary role o f the enzyme during DNA replication. Molecular Cell 5 
(6):1059-1065.
O'Connor, T. R., S. Boiteux, and J. Laval. 1988. Ring-opened 7-methylguanine residues in DNA 
are a block to in vitro DNA synthesis. Nucleic Acids Res 16 (13):5879-5894.
109
O'Neill, P. 1983. Pulse radiolytic study o f  the interaction o f  thiols and ascorbate w ith OH
adducts o f dGMP and dG: implications for DNA repair processes. Radiat Res 96 (1):198- 
210 .
Obe, G., C. Johannes, and D. Schulte-Frohlinde. 1992. DNA double-strand breaks induced by 
sparsely ionizing radiation and endonucleases as critical lesions for cell death, 
chromosomal aberrations, mutations and oncogenic transformation. Mutagenesis 7 (1):3- 
1 2 .
Orren, D. K., and A. Sancar. 1990. Formation and enzymatic properties o f the U vrB.DNA  
complex. J  Biol Chem 265 (26):15796-15803.
Paez, J. G., M. Lin, R. Beroukhim, J. C. Lee, X. Zhao, D. J. Richter, S. Gabriel, P. Herm an, H.
Sasaki, D. Altshuler, C. Li, M. M eyerson, and W. R. Sellers. 2004. Genome coverage and 
sequence fidelity o f  phi29 polym erase-based multiple strand displacement w hole genome 
amplification. Nucleic Acids Res 32 (9):e71.
Poinar, H. N., M. Hofreiter, W. G. Spaulding, P. S. Martin, B. A. Stankiewicz, H. Bland, R. P. 
Evershed, G. Possnert, and S. Pââbo. 1998. M olecular coproscopy: dung and diet o f  the 
extinct ground sloth Nothrotheriops shastensis. Science 281 (5375):402-406.
Poinar, H. N., M. Hoss, J. L. Bada, and S. Pââbo. 1996. Amino acid racemization and the 
preservation o f ancient DNA. Science 272 (5263):864-866.
Pusch, C. M., M. Broghammer, and N. Blin. 2003. M olecular phylogenetics em ploying m odem  
and ancient DNA. JA ppl Genet 44 (3):269-290.
Pusch, C. M., I. Giddings, and M. Scholz. 1998. Repair o f  degraded duplex DNA from
prehistoric samples using Escherichia coli DNA polymerase I and T4 DNA ligase.
Nucleic Acids Res 26 (3):857-859.
Razin, A., and A. D. Riggs. 1980. DNA m éthylation and gene function. Science 210 (4470):604- 
610.
Roberts, R. J., and X. Cheng. 1998. Base flipping. Annu Rev Biochem 67:181-198.
Rothfuss, A., and M. Grompe. 2004. Repair kinetics o f genomic interstrand DNA cross-links: 
evidence for DNA double-strand break-dependent activation o f the Fanconi 
anemia/BRCA pathway. Mol Cell Biol 24 (1):123-134.
Sambrook, J., and D. W. Russell. 2001. Molecular cloning : a laboratory manual. 3rd ed. 3 vols. 
Cold Spring Harbor, N.Y.: Cold Spring Harbor Laboratory Press.
Sandigursky, M., and W. A. Franklin. 1993. Exonuclease I o f Escherichia coli rem oves 
phosphoglycolate 3 '-end groups from DNA. Radiat Res 135 (2):229-233.
Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequencing with chain-term inating 
inhibitors. Proc Natl Acad Sci U  S A 1 4  (12):5463-5467.
Senturker, S., and M. Dizdaroglu. 1999. The effect o f experimental conditions on the levels of 
oxidatively modified bases in DNA as measured by gas chromatography-mass 
spectrometry: how many modified bases are involved? Prepurification or not? Free Radie 
5m / Mbc/ 27 (3-4):370-380.
Sikorsky, J. A., D. A. Primerano, T. W. Fenger, and J. Denvir. 2007. DNA damage reduces Taq 
DNA polymerase fidelity and PCR amplification efficiency. Biochem Biophys Res 
Commun 355 (2):431-437.
Sullivan, K. M., A. Mannucci, C. P. Kimpton, and P. Gill. 1993. A rapid and quantitative DNA 
sex test: fluorescence-based PCR analysis o f X-Y homologous gene amelogenin. 
Biotechniques 15 (4):636-638, 640-631.
110
Tan, X., A. P. Grollman, and S. Shibutani. 1999. Comparison o f the mutagenic properties o f  8- 
0 X 0 -7 ,8-dihydro-2'-deoxyadenosine and 8-oxo-7,8-dihydro-2'-deoxyguanosine DNA 
lesions in mammalian cells. Carcinogenesis 20 (12):2287-2292.
Tchou, J., V. Bodepudi, S. Shibutani, I. Antoshechkin, J. Miller, A. P. Grollman, and F. Johnson. 
1994. Substrate specificity o f Fpg protein. Recognition and cleavage o f oxidatively 
damaged DNA. J  Biol Chem 269 (21):15318-15324.
Teoule, R. 1987. Radiation-induced DNA damage and its repair. In tJ  Radiat Biol Relat Stud  
5 CAg/M 51 (4):573-589.
Theis, K., M. Skorvaga, M. M achius, N. Nakagawa, B. Van Houten, and C. Kisker. 2000. The 
nucleotide excision repair protein UvrB, a helicase-like enzyme with a catch. Journal 
Name: Mutat. Res.; Journal Volume: 460; Journal Issue: 3-4; Other Information: PBD: 
30 Aug 2000\Medi\xva\ X; Size; vp.
Tindall, K. R., and T. A. Kunkel. 1988. Fidelity o f  DNA Synthesis by the Thermus aquaticus 
DNA Polymerase. Biochemistry 27 (16):6008-6013.
Tuo, J., P. Jaruga, H. Rodriguez, V. A. Bohr, and M. Dizdaroglu. 2003. Primary fibroblasts o f 
Cockayne syndrome patients are defective in cellular repair o f 8-hydroxyguanine and 8- 
hydroxyadenine resulting from oxidative stress. Faseb J 17 (6):668-674.
Tuteja, N., M. B. Singh, M. K. Misra, P. L. Bhalla, and R. Tuteja. 2001. M olecular mechanisms 
o f DNA damage and repair: progress in plants. Critical Reviews in Biochemistry and 
Molecular Biology 36 (4):337-397.
Waters, T. R., and P .P .  Swarm. 2000. Thym ine-DNA glycosylase and G to A transition 
mutations at CpG sites. Mutat Res 462 (2-3): 137-147.
W atson, J. D., and F. H. Crick. 1953a. M olecular structure o f nucleic acids; a structure for 
deoxyribose nucleic Sicxd. Nature 171 (4356):737-738.
---------- . 1953b. Genetical implications o f  the structure o f  deoxyribonucleic acid. Nature 171
(4361):964-967.
W illerslev, E., A. J. Hansen, J. Binladen, T. B. Brand, M. T. Gilbert, B. Shapiro, M. Bunce, C. 
Wiuf, D. A. Gilichinsky, and A. Cooper. 2003. Diverse plant and animal genetic records 
from Holocene and Pleistocene sediments. Science 300 (5620):791-795.
W illerslev, E., A. J. Hansen, B. Christensen, J. P. Steffensen, and P. Arctander. 1999. Diversity 
o f Holocene life forms in fossil glacier ice. Proc Natl Acad Sci U S A 96 (14): 8017-8021.
W olfenden, R., X. D. Lu, and G. Young. 1998. Spontaneous hydrolysis o f glycosides. Journal o f  
the American Chemical Society 120 (27):6814-6815.
W oodward, S. R., N. J. W eyand, and M. Bunnell. 1994. DNA sequence from Cretaceous period 
bone fragments. Science 266 (5188):1229-1232.
Wu, D. Y., and R. B. Wallace. 1989. Specificity o f  the nick-closing activity o f bacteriophage T4 
DNA ligase. Gene 16 (2):245-254.
Wyatt, M. D., and D. L. Pittman. 2006. M ethylating agents and DNA repair responses:
M ethylated bases and sources o f  strand breaks. Chem Res Toxicol 19 (12):1580-1594.
Yang, D. Y., B. Eng, and S. R. Saunders. 2003. Hypersensitive PCR, ancient human mtDNA, 
and contamination. Hum Biol 75 (3):355-364.
Zhang, Q. M. 2001. Role o f the Escherichia coli and human DNA glycosylases that remove 5-
formyluracil from DNA in the prevention o f mutations. Journal o f  Radiation Research 42 
(1):11-19.
Zischler, H., M. Hoss, O. Handt, A. von Haeseler, A. C. van der Kuyl, and J. Goudsmit. 1995. 




Table 22. DNA quantification o f samples for standardization using Q bit quantification  
method
DNA Samples First Second Third Fourth Fifth Average
ng/ul
Extractions 1 to 10 22.2 22.2 22.3 22.3 22.4 22.3
Extractions 11 to 20 17.9 18 18 18 18 18
Extractions 21 to 30 31.4 31.5 31.5 31.6 31.7 31.5
Extractions 31 to 40 27 27.1 27.1 27.1 27.2 27.1
Extractions 41 to 50 26.3 26.3 26.4 26.4 26.5 26.4
Damaged DNA template 17.2 17.2 17.2 17.3 17.3 17.2
Klenow 15.5 15.4 15.5 15.5 15.6 15.5
T4 Polymerase 15.1 15.1 15 15 15 15
Endo Klenow 13.1 13.2 13.2 13.3 13.4 13.2
Endo T4 Polymerase 15.6 15.7 15.7 15.7 15.8 15.7
PreCR™ 22.2 22.2 22.3 22.3 22.4 22.3
Phi 29 23 23.1 23.2 23.2 23.1 23.1
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